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Individual variations in ability to acclimatize 
to high altitude 

By Anckl Kkys, Bryan H C Matthkws, W H Forbes and 
R oss A McFarland 

From the Fatigue Ijahoratory IJarmrd University, Boston, Massachusetts, 
USA , the Physiological Lahoratory, Cambridge, and the Psychology 
Department, Columbia University, New York, USA 

{Communicated by Sir Joseph Barcroft, FR S Received 27 April 1938) 
With a supplement by R A Fisher, F R S 
Part I The prediction, from physiological charai’teristics at 

ska-level, of the ability to ACCLTMATI7E 

A striking feature in the acclimati/ation of man to high altitude is the 
great variability in the riBponeos of different individuals to the lowered air 
jiressure This has been observed rcfieatedly by mountaineers and was very 
evident during the work of the International High Altitude Exjiedition to 
Chile in 1936 Our exiienence was in agreement with other reports (1) 
individuals of similar age and general physieal condition differ widely in 
their abihty to adjust to high altitude, (2) the difTerences between indi¬ 
viduals become increasingly marked at successively higher altitudes, 
(3) the initial response to the high altitude is not always a good indication of 
the eventual acchmati/ation to be reached, (4) good acclimatization to a 
moderately high altitude is not necessarily an indication that relatively good 
acchmatization will be attamed at very high altitudes 

It 18 both theoretically and jiractically of importance to attempt to 
evaluate some of the factors involved in making for the variation of indi¬ 
viduals in the abihty to ac climatize to high altitude For example, it would 
be of both practical and theoretical value to be able to predict, in a given 
group of men, which individuals would be most likely to acclimatize well to 
high altitude and which would probably do poorly A considerable measure 
of success lias been attained by aviation medical boards and committees in 
the selection of candidates for high flying, but the problems involved in 
acclimatization to high altitude are very different 
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The present paper is an attempt to relate some of the physiological 
charactenstics of the members of the Expedition to the relative degrees of 
acclimatization attamed Three mam questions will be considered {1) the 
prediction of relative abihty to acclimatize from observations at sea-level, 
( 2 ) the relation between the degree of acclimatization and the physiological 
characteristics of the individual at lugh altitude, and (J) the relation between 
subjective and objective judgment of acclimatization 

Htgh-ahttvde aUUions 

Five high altitude stations were estabhshed during a period of four months 
in the field, Table I gives the altitudes and periods of occupation In the 
held the members of the Expedition lived and worked together under 
conditions permitting close observation of each other At Chuquicamata 
(2 81 km ) and Collahuasi (4 70 km ) the men lived in a PuUman-type rail¬ 
road car, whilst at ’Quilcha (6 34 km ) a well-built house was occufiied At 
Punta (6 14km ) the living quarters consisted of two small “glacier” tents 
and a snow cavern Except at the highest station, living conditions were 
sufficiently normal and comfortable so that environmental abnormahties 
extraneous to the high altitude itself were largely avoided 


Station 

Table I 

Period of occupancy 

Corrected 

barometric 

pressure 

Altitude 

Metros Feet 

Chuquicamata 

8 April to 4 Juno 

643 

2,810 

9,200 

Ollague 

5 to 13 June and 

489 

3,600 

12,020 

Collahuasi (Montt) 

26 Juno to 18 July 

13 to 25 June 

429 

4,700 

16,440 

Auoanquilcha 

26 June to 16 July 

401 

6,340 

17,600 

Puiita de Corro 

29 Jime to 14 July 

360 

6,140 

20,140 


The ten members of the Expedition were all men in good health, of fairly 
active habits, and were all considered to be good “nsks” to undertake a 
prolonged stay at high altitude At the vanous stations the time was 
occupied with experimental and analytical work, with occasional holidays 
walking and chmbing (for a general desonption of the stay of the Expedition 
in the field, see Keys 1936 ) 

The relation between acchmattzaiion and physiological characteristics 
It 18 unfortunately true that, as yet, there is no certam knowledge as to 
precisely what constitutes acchmatization to high altitudes The work of the 
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International High Altitude Exxiedition has, however, cleared much ground 
in that some of the most widely championed theories have been eliminated 
Acclimatization to high altitude apparently does not consist m the de¬ 
velopment of ovygen ‘secretion” hy the lungs (Dill, Christensen and 
Edwards 1936 ), nor does a shift in the oxygen dissociation curve of the blood 
or haemoglobin explain the adjustment* (Keys, Hall and Barron 1936 ) 

Judgement of relative acchmatizahon 

Each member of the Expedition independently judged the relative 
acclimatization of all the Expedition members including himself, hy classi¬ 
fying the ten men in groups as follows ( 1 ) the three men relatively best 
acclimatized, (2) the three men least well acchmatizcd, and (3) the four 
intermediate men These judgements were made for each high altitude 
station except that stations ’Quilcha and Punta (5 34 and h 14km ) i^ero 
combined m view of the lack of opportunity for mutual observation at 
Punta t 

To provide a numerical basis for analysis, points were assigned as folknv s 
(1) best group—10 points each, (2) intermediate group—5 points each, 
(3) poorest grouj )—0 point Table II shows the summarized ratings of the 
members of the Exjieclition J 

At the outset it will he admitted that these latings are only relatively 
accurate at best Extianeous psychological factors are involved to some 
extent and must have affected both the resiionses of the individuals to the 
high altitude —and thciefore their ajijiarent acchmati/ation—as well as the 
judgements themselves Moreover, the assignment of numbers to tlie succes¬ 
sive rankings of acclimatization injec ts an arbitrary clt ment into the measure 
of acclimatization for which it is difficult to make a precise allowance, 
particularly 111 stuches of coirelation However, we shall be concerned only 
with general and relative cone lusions, and it should bo noted, also, that all 
the Expedition members were experienced observers and that objective 
bases for judgement were constantly afforded in the relative readiness and 
abihty of the men to take part in experiments, analytical work and diver¬ 
sions 

• It is trcio however, that slight and transient changes in the position of the 
oxygen dissociation curve, perhajis associated with maladjustment, may bo found at 
high altitude 

t Only six men, B, F, K, Me, M, and 1' actually camped at 6 14 km , and only 
P, K, and M stayed there more than 2 mghts 

t Six members of the Expedition submitted complete ratings on a scale of 1 to 10 
for the relative aoclunati/ation at each station The moan result of those estimates 
agrees closely with the moan estimates obtamed by grouping 
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In addition to the group judgements of relative acclimatization there were 
three other bases for assigmng acclimatization ratings to the several members 
of tlie Expedition (1) self-judgements in which each individual rated his own 
relative acclimatization, (2) the results of questionnaires on physiological 
“complaints” which were failed in by each member for each of the high- 
altitudo stations, (3) the results of questionnaires on psychological “com¬ 
plaints” filled in by each member for each of the high-altitude stations 
These are discussed later m this pajier, but ratings made by all of these 
methods agreed remarkably well with the group judgement ratings 

Table IT 8itm oe ten separate judoemknts of relative degree of 

AIVLIMATIZATION AT THl HIGH ALTlTUDB STATIONS BaSED ON A 
SCORE OF 10 POINTS FOR INCLUSION IN THE GROUP 0> THREE MEN BEST 
ACCLIMATIZED, 0 FOR THE THREE MEN LEAST WELL AC t UMATIZED, AND 
5 POINTS FOR INCLUSION IN THE GROUP OI FOUR MEN IN IHE INTFR- 
MBDIATE CLASS MaMMUM POSSIBLE SCORE 100, MINIMUM 0 

Max variation 
6 34 and All between any 
Name 2 81km 3 66 km 4 7lktn 6 14 km stations two stations 
B 39 60 70 65 69 31 

C 66 60 10 6 32 66 

D 14 66 36 33 34 41 

E 36 36 60 62 46 27 

F 49 70 66 76 66 36 

H 30 0 5 5 10 30 

K 100 95 86 86 91 16 

Me 26 0 20 68 26 68 

M 90 80 87 90 87 20 

T 64 66 73 17 60 66 

Table II shows that there is a general tendency at different altitudes for 
the various men to maintain their general positions with respect to relative 
acclimatization, but that there are exceptions This is marked in the cases of 
C and T* who deteriorated at the highest stations and of Me w ho improved 
considerably The mean scores for all stations, however, are probably not 
far from correi t except for Me, who may be placed lower than his physical 
acclimatization would warrant f 

* Ihe deterioration of T may have boon overestimated, his very severe mountain 
sickness at Punto (6 14 km ) impressed us all, but, as mentioned before, not all of 
the party underwent the test of camping at Punta 

t Mo Bviffered from a cold and sore throat at the lower stations, and this may have 
imduly mfluoncod tho judgement of him though we attempted to allow for this 
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Sea-level characterutics and high allttvde acchmatizaiton 

The pnncipal physiological characteristics of the members of the Expedi¬ 
tion at sea-level are given in Table III For the purpose of exploring possible 
methods for the predii tion of ai climatization from observations at sea-level 
we may consider the following iharactenstus of the individual at sea-level 

(1) Age It 18 commonly observed that the ability to adjust to new con¬ 
ditions of all kinds is usually related, very roughly at least, with age There is 
some reason from mountaineering exjienenco to think this may also be true 
of acchmatization to high altitude 

(2) Body weight Mountaineers have frequently suggested that there may 
be a relation between body size and ability to acehmatize to high altitude 

(,3) Pulse rate It is conceivable that the basal pulse rate of normal men at 
sea level may reflect the efficiency of the circulation at sea-level and the 
reserve which may be < ailed on to meet the more difficult requirements at 
high altitude 

(4) The alveolar pressure of oxygen A low alveolar //O 2 will mean a low 
ventilation relative to the oxygen consumption and this may imply an 
economy of lespiration 

(5) The alveolar pressure of carbon dioxide We may apply the same argu¬ 
ment (inversely) to the pC'Oj as to the pOj 

( 6 ) The alkaline reserve The amount of COj which blood will hold at 
pCOa = 40 mm is related to the rcsjiiratory habit of the individual As such 
it may supply information similar to that of the alveolar pCOj except that it 
should reflect the respiratory history of some hours or days 

(7) Oxygen capacity of the blood A high oxygen capacity would at first 
sight seem to be a favourable factor for eventual adjustment to low oxygen 
conchtions However, it would seem more icasonable to argue that if a high 
O 2 capacity is needed for sea level conditions this may mean an inefficient 
use of that haemoglobin 

( 8 ) Schneider s Index This value is obtained from values of the basal 
pulse, standing pulse, pulse following a brief standard exercise, and blood- 
pressure values It puriioits to be a measure of neuro-circulatory fitness 
(cf Schneider 1933 ) 

Some other characteristics which might be suggested as of use in this 
connexion may be excluded on one of two grounds ( 1 ) N onnal variations at 
sea-level are practically within the limits of measurement (arterial Hj satura¬ 
tion, artenal pH, the position of the oxygen dissociation curve etc ), ( 2 ) the 
values are largely dependent on the variables considered above (arterial 
partial pressure of oxygen, erythrocyte count, cell volume per cent, etc ) 
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Finally, it might be suggested that some functional test, e g the response 
to a fixed muscular task, would be useful Aside from the difficulty of fixing 
on a reliable and reproducible task and measurements of the responses, it is 
generally agreed that simple muscular power at sea-level is a very poor 
indication of relative ability to acclimatize to high altitude This was further 
emphasized during the stay m the field of our Expedition 
The correlations between each of the vanables studied and the mean 
acclimatization subsequently observed at high altitude are given, together 
with the correlation coefficients, in figs 1-8 * The artenal jiH’s and percent¬ 
age Oj saturation were not so treated because their vanations are practically 
within their experimental and analytical errors General physical fitness and 
past athletic activity are probably of some importance but it is not easy to 
evaluate these characteristics in any quantitative manner Moreover, one 
may expect that at least some of the effects of general fitness and previous 
athletic history should be reflected in the other charactenstics measured 
The relations between the separate physiological charactenstics at sea- 
level and the observed acclimatization m the ten Expedition members are 
shown in figs 1-8 There are indications of rough but well-marked correla¬ 
tions between ability to acclimatize and the sea level characteristics as 
follows direct—pCOj and alk res , inverse —age, pulse, pO^, Oj cap , and 
wt "I Only the Schneider Index shows no marked correlation, this may be 
owing to the very small range of values for the S Index m our party 
Inverse relations between acclimatization and age and pulse rate might 
have been expected The general direction of the relations with alveolar 
tensions likewise seems reasonable, a low pOj and high pCO^ at sea-level 
should moan, other things being equal, an economical and efficient respira¬ 
tory mechamsm J A high alk res may be taken to be related to habitual 

• It 18 realized that the correlation coefficient is difficult to interpret as a quanti 
tativo measure, particularly so smee one of the vanables (acclimatization) is not an 
actual measurement but a numerical si onng from relative ranking However, since 
the acclimatization measures are the same for all the figures, wo feel that the corrola 
tion coefficient enn be used to gauge the relative importance of the sea level characters 
as factors m determining the ability to acclimatize 

t ITie followmg abbreviations are used throughout this paper Oxygen capacity of 
haemoglobin (c c HbO, per 100 c ( blood) = O* cap , partial pressures of oxygen and 
carbon dioxide m the alveolar air = pO, and pCOf respectively, alkaline reserve of the 
oxygenated blood (c c CO, contained when the CO, pressure is 40 mm ) = alk ros , 
Schneider Index = S Index, basal pulse rate = pulse, body weight = wt 

X It will be noted that the arterial saturation with oxygen at sea level was almost 
constant m all of the men (Dill, Christensen and Edwards 1936) Likewise, the posi 
tion of the oxygen dissociation curve at sea level was relatively constant (Keys, Hall 
and Barron 1936) A high pO, value in the alveolar air, then, must mean a relatively 
poor meohanism for the uptake of oxygen m the lung 



Table III Chaeactebistics of the Expedition membeks at sea-level (in basal best) befoee ascent 
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jxygenated whole blood at 38“ C when pCO, = 40 00 mm Hg jjO, and pCX), are 
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high pCOg and might, therefore, be expected to show a somewhat similar 
relation 

At first sight it may seem unreasonable to suggest that a high Oj cap of 
the blood at sea-level should prognosticate iioor acchmatiration to high 
altitude However, among healthy well-nounshed people there is little 
reason to suspect that variations in the Oj cap within the normal range bear 




Fios 1-4 Relation between observed mean acclimatization to high altitude 
(2800-6140 m ) and physiological ohoracteristios measured in basal rest at sea level 
before gomg to high altitude For normal men between the ages of 29 and 44 habitu 
ated to life at sea level 
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any direct relation to physical vigour or physiological responsiveness It is a 
common opinion, base<i on little or no evidence, that athletes have higher 
O 3 caps than non-athletes, but this is not borne out by the meagre data 
available Moreover, there is no relation, amongst athletes, between athletic 
ability and the Oj cap Amongst non-athletes, such as the members of the 
Expedition, it can be argued that a high Oj cap should give a poor jirognosis. 




Fia 7 Fio 8 


Figs 6-8 Relation between observed mean acclimatization to high altitude (2800- 
0140 m ) and physiological characteristics measured in basal rest at sea level before 
gomg to high altitude For normal men between the ages of 29 and 44 habituated to 
life at sea level 
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1 e if an unusually high cap is needed to meet the ordinary exertions at 
sea-level, what can be expected at high altitude * Wo may recall the fact that 
in chronic conditions where the respiratory-circulatory mechamsm is in¬ 
efficient, as in cardiac disease, the Oj capacity is elevated more or less m 
proportion to the seventy of the condition 
We take it that acclimatization to high altitude depends on the combined 
action of a number of physiological factors If we may assume some kind of 
summation of effects, then examination of the relations between acchmatiza- 
tion and combinations of the charactenstics plotted singly in figs 1-7 
(omitting Schneider’s Index which shous no correlation) should show 
whether we are correct in our suggestion that these charactenstics are 
definitely related to some of the factors involved in acclimatization 

There are several possible methods by which the variables might be 
combined for this purpose A rigorous approach from the standpoint of 
pure statistics was not available to use at the time this paper was wntten, m 
the supplement to this paper Professor R A Fisher has developed such a 
method 

Our first method was purely empirical and consisted of the construction of 
correlation charts for the observed acchmatization with each of the 120 
possible combinations of the seven vanables The combinations were made 
by algebraic summation, taking account of the sign of the individual 
correlations Thus we used, e g , age -f pulse, age -I- pO, - alk res , etc Since 
there was no reason to suspect that any one of the vanables is more im¬ 
portant than the others for the present purpose, it was decided to give them 
all equal weight Numencally this means that the umts in which the several 
vanables are expressed should be so chosen that the range of variation for all 
of the vanables was relatively constant More precisely, we chose the umts 
for each charactenstic so as to make the standard deviations the same for all 
Space does not permit reproduction of the 120 correlation charts here It 
was found almost without exception that the combinations of two character¬ 
istics yielded higher correlations with acclimatization than any single 
charactenstic, and that on increasing the number of charactenstics com¬ 
bined, the correlations were improved still further 

The graphical analyses appear to justify our suggestions, viz (1) The 
sea-level charactenstics considered in this paper—age, pulse, pOg, pCOj, Oj 
cap , alk res , and wt —are related to some, if not all, of the factors which 
determine the abihty to accbmatize to high altitude (2) In general, the 
direction of these relations is compatible with physiological theory (3) 
Algebraic summation of the sea-level characteristics gives a closer estimate 
of the abihty to acclimatize than does any one of the separate character- 
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istica and, in general, the more characteristics are combined, the better is the 
estimate 

The success attained, as judged by the improvement of the correlation 
with acchmatization, with this simple method of combimng physiological 
charactenstics suggested that it would be worth while to attempt to com¬ 
bine the variables in the best possible equation by the method of the least 
squares This was done and the results are given in fig 9 
The extraordinarily good correlation shown m fig 9 is not to be inter¬ 
preted to moan that the predictive value of our equation in seven variables is 



PlO 9 The prediction of acclimatization to high altiliido from the best combination 
of physiological characteristics ineasurod at aea levi 1 bi foro going to high altitude 
Best combination obtained by method of least sipiaios 

equally good As shown in the supplement to this paper a high degree of 
correlation may be exjiected in a system, like the present, in which the 
number of vanables ajiproaches the number of individuals Fig 24 is a 
correlation chart in whiih only four vanables—age, body weight, alkabno 
reserve and alveolar pOj—have been used by Professor R A Fisher to 
provide an equation of high predictive value 
These results would seem to mean that, m our group, we measured 
physiological charactenstics at sca-level which, directly oi indirectly, 
included the more important factors involved in the detenmnation of the 
eventual acclimatization of the individual at high altitude as judged by our 
method of observation It is not pretended that our findings will apply 
precisely to other groups It does seem reasonable to conclude, however, 
that the general character and direction of the relations should hold when 




12 A Keys and others 

applied to groups of men reasonably comparable to our own By ‘ ‘ reasonably 
comparable” we may suggest relatively normal men, psychologically 
stable, habituated to sea-level between the age limits of 28 and 46 

The best test of the general applicability of these concepts would be to 
analyse the results of other high altitude expeditions in similar fashion 
Unfortunately this is not possible, previous expeditions did not collect the 
requisite data In the case of the Anglo American Expedition to Peru 
(Barcroft and others 1923 ), however, a rough classification ol the eight 
members in respect to acchmatization is possible • The four men who were 
judged to acclimatize best averaged 34 years of age at the time of the 
Expedition, the other four men averaged 38 years of age Such as it is, the 
relation of acclimatization with age was similar to the present Expedition 
Obviously, we must await further studios on groups of people going to high 
altitudes 


Part II The relation between observed acclimatization and 

PHYSIOLOGICAL CHARACTERISTICS IN REST AT HIGH ALriTUDE 

In a group of men going from sea-level to high altitude there is little 
difficulty in amving at a general agreement as to the relative degree of 
acclimatization achieved by the different individuals, provided opportum- 
ties are afforded to observe them carefully for some days at work, at meals, at 
recreation and in exorcise At rest, however, such discnmination has not 
been attempted previously, meilual examination has been use<l only for the 
evaluation of the seriousness of defimte mountain sickness when this is 
present 

This apparent superionty of general observation over brief examination 
and measurement depends, we think, on lack of senous tnal and study of 
physiological measurements The data collected by the International High 
Altitude Expedition in ('hile in 1936, inadequate though they may be, are 
far superior to any available previously In this part of the present paper the 
relation between observed acclimatization and a number of physiological 
vanables at high altitude will be analysed 

The acclimatized man at high altitude differs, in physiological character¬ 
istics, from the sea level man in a number of ways (1) He has a considerably 
higher concentration of red cells and a correspondingly higher oxygen 

* The following members of the Anglo American Expedition kmdly supplied 
estimates of the relative acclimatization of the Expedition members Professor Sir 
Joseph Porcroft, F R S , Professor A V Bock, Dr H S Forbes, Professor G A 
Harrop, Jr , and Professor Alfred C Redfield 
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capacity of his blood, and this excess is more or less proportional to the 
altitude (Talbott 1936 , Keys, Hall and Barron 1936 ) ( 2 ) His arterial blood 
IS unsaturated to a degree which is also more or less proportional to the 
altitude (Barcroft and others 1923 , Hill, Christensen and Edwards 1936 , 
Monge and others 1928 , Hurtado 1931 ) (3) His blood shows a reduction in 
carbon dioxide cajiacity roughly proportional to the altitude, 111 spite of this 
his artenal blood has about the same^H as at sea level m rest (Hill, Talbott 
and Consolazio 1937 ) (4) His heart rate 111 rest is as slow or slower than at 
sea level, mild exeicise increases it abnormally, but the maximal heart rate 
he can reach in work is less than at sea level (McFarland 1937 Christensen 
1937 , this paper, below) (5) Hia respiration rate and pulmonary ventilation 
aic increased, partn ularly in work, and the difference between the oxygen 
pressure in the lungs and m the arterial blood is dimimshed (Barcroft 1925 
Haldane and Priestley 1935 , Hill and others 1936 , Christensen 1937 ) 
( 6 ) He exhibits signs of generally increased sensitivity of the vegetative 
nervous system, with hypertonus of the vagus and symfiathetic nerves 
(Monge and others 1928 ) (7) He reaches exhaustion in anaerobic work 
without accumulating anything like as much lactic acid in his blood as at 
sea level (Edwards 1936 ) ( 8 ) At very high altitudes sensory and motor 
responses arc diminished m intensity or speed and mental o^xirations pro 
ceed wnth moie difhculty than at sea-lcvel (McFarland 1937 ) 

The method of evaluating acchmati/atioii and the relative acclimatiza 
tion scores for the members of the Expedition at diflerent altitudes are given 
m Part I of this paper Here wo shall consulc r only the mean ac c limatization 
and the mean physiological characteristics at the combint*d stations Montt 
(4 70km) and ’Quilcha (5 34km) where the measurements were most 
complete These are given in Table IV 

The relations between the separate characteristics at high altitude and 
the observed acclimatization at the same altitude are shown in figs 10-19 
Marked correlations exist between acclimatization and the following 
characteristics basal pulse (inverse), standing pulse (inverse), the change of 
pulse rate from basal to stanchng (inverse), the Schneider Index score 
(direct), and the position of the oxygen dissociation curve, /lOj at Hb = HbOj 
at tiHq = 7 10 (inverse) Less pronounced correlations exist between acch 
matization and oxygen capacity of the blood (inverse), arterial Og satura¬ 
tion (direct), alkaline reserve (inverse, questionable), the oxygen pressure 
gradient in the lung (inverse), alveolar pOj nimus arterial pOj (inverse) and 
age (inverse) 

The inverse relations between jiulse rates (basal, standing, and change 
from basal to standing) and acclimatization are not surprising Mountaineers 
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and explorers have frequently commented on the rapid pulse and the 
marked rise, on standing, m people suffering from mountain sickness In the 
fully acchmatized miners at ’Quilcha we found very slow pulse rates, the 
average for the basal pulse in thirty-five miners at 6 34 km was 62 per min 
It would seem, then, that there is a marked inverse correlation between 
pulse and acclimatization over the whole range from acute mountain sick- 




Fio 12 Fio 13 

Fios 10-13 Relation between observed mean acclimatization to hi(?h altitude 
(4700 and 6340 m ) and physiological characteristics measured in basal rest at the 
same altitude For normal men between the ages of 29 and 44, habituated to life at 
sea level and mcompletcly adjusted to the high altitude 
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ness to complete acchmatiaation The Schneider Index score appears to be 
of less value m this connexion, the value it does possess is owing to the 
inclusion in it of the reclimng and standing pulse rates 

The relatively small utility ot the arterial oxygen saturation in a measure 
of acclimatization is explicable in view of the fact that the miners, fully 
acclimatized to 6 34 km altitude, had the same average arterial oxygen 
saturation as did our much less well acclimatized group at the same altitude 
(cf Keys, Hall, and Barron 1936 , Dill, Christensen and Edwards 1936 ) All 



Fio 14 Fig 16 



Fios 14-17 Relation between the observed mean aooliraatization to high altitude 
(4700 and 6340 m ) and physiological characteristics measured m basal rest at the 
same altitude 1* or normal men lx tween the ages of 29 and 44, habituated to life at 1 
sea level and incompletely adjusted to the high altitude 
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the facts now point to the conclusion that acclimatization does not consist 
of, or even involve importantly, any improvement in the saturation of the 
artenal blood In the initial stages of acclimatization at high altitudes, 
however, the stimulus to the necessary enhanced respiration may not be 
developed (e g the blood pH may be very alkahne) and more than the degree 
of anoxaemia characteristic of that altitude may prevail for a time This 
would account for the shght correlation actually found 

The inverse correlation, m our group, between acclimatization and the 
blood oxygen capacity at high altitude may seem strange in view of the fact 



Pios 18, 19 Relation between observed moan acclimatization to high altitude 
(4700 and 5340 m ) and physiological charaotoristics measured m basal rest at the 
same altitude ior normal men between the agos of 29 and 44 habituated to hfe at 
sea level and mcompletely adjusted to the high altitude 

that the Oj capacity of the blood from the long-time residents is much higher 
than that of the blood of the newcomers who are much less well acchmatized 
However, m the case of newcomers to high altitude the blood Oj capacity 
will reflect, for some weeks, the sea-level value of the Oj capacity, m Part I 
of this paper we have already indicated how a relatively high Oj capacity at 
sea-level may indicate an inefficient respiratory or circulatory mechanism 
(cf p 10) 

The position of the oxygen dissociation curve is of uiterest The change at 
high altitude seems to be temporary and the long-time residents do not 
exhibit it (Keys, Hall and Barron 1936) The magnitude of the change, then, 
could well represent a kind of measure of incompleteness of acclimatization 
This IS in full agreement with the observed relation between acclimatization 
and the shift of the oxygen dissociation curve from the sea-level position 
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Our finding that a large diffusion gradient m the lungs is related to poor 
acclimatization would be expected from all pomts of view (cf e g Douglas, 
Haldane, Henderson and Schneider 1913, Harrop 1922, Dill, Christensen 
and Edwards 1936) It might have been expected that the relation would be 
more pronounced than actually found There are two obvious reasons why 
this 13 not the case In the first place the measurement of the diffusion 
gradient is very compheated and difficult so that great accuracy is almost 
impossible Secondly, at really high altitude^ the diffusion gradient becomes 
so small m all normal men that it is to be doubted that it can be a pnncipal 
hraitmg factor m acclimatization, except in special cases In those cases 



Fiq 20 The relation between mean observed acclunatization to high altitude (4700 
and 6340 m ) and the best combination of physiological characteristics measured at 
the same altitude Best combmation obtamed by the method of least squares 

where we measured the diffusion gradient in the long-time residents the 
values were not significantly different from our own 

Fmally, we should have predicted that, m a party like out own, the alka- 
hne reserve at high altitude would not be closely related to the state of 
acclimatization Under the conditions of our measurements, the alkaline 
reserve must be determined by the previous value at sea-level, the respira¬ 
tory history at high altitude including effects resulting from unusual 
exertions, etc , the diet, and the compensatory adjustments of the kidney 
In other words the connexion with the acchmatizatioii process is mdirect 
and, m our case, there was insufficient time for final renal readjustments 
Summation of the physiological characteristics at high altitude gives, as 
with the sea-level characteristics, a better correlation with acclimatization 
than any single characteristic The combination, by the least squares 
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method, of the high altitude charaotenatics m an equation to give the best 
correlation with observed acclimatization is shown in fig 20 The coefficient 
of correlation between the observed and the “theoretical” acchmatization 
from this equation is + 0 898 ± 0 043 This is a good but not a perfect corre¬ 
lation, apparently our physiological measurements included most but not 
all of the significant variables 

It should be noted that the interpretation of the coefficient of correlation 
here, as in the case of the combination of sea-level characteristics, must be 
made with caution We are justified in concluding only that a combmation 
of the variables considered provides a reasonably accurate measure of the 
relative acclimatization 


Part III The rklation between reported subjective experiences 

AND THE OBJECTIVE JUDGEMENT OE ACCLIMATIZATION 

Many investigators have noted that in acute anoxaemia the subject 
himself 18 unaware of his general condition and his impaired faculties (cf 
e g Haldane and Priestley 1935) By analogy, it is frequently assumed that, 
when true mountain sickness does not intervene, subjective ex periencos alone 
offer a poor guide to the judgement of relative acclimatization During the 
stay in the field of the International High Altitude Exjiechtion several 
varieties of evidence were collected on this point 

In the first place, inspection of the rating hsts of relative acclimatization 
submitted by the members of the Expedition shows that the individual’s 
judgement of himself did not differ greatly, in out paity, from the general 
judgement of his acclimatization Fig 21 a shows the correlation between 
the judgement of the individual by himself and the judgement of his 
fellows The correlation coefficient of r = -(-0 901 ± 0 040 was calculated It 
will be noted that nine out of ten of the Expedition members judged them¬ 
selves somewhat more favourably than did their fellows, this may be put 
down to vamty, or to mabihty to feel the effects of the altitude upon them¬ 
selves though they could see them in others or, more probably, a mixture of 
these two 

Independent evidence was obtained by two questionnaires, one of thirty- 
five questions concerning physiological complaints and one of thirty 
questions on psychological complaints The forms were arranged so that 
each subject could mdicate the relative frequency or entire absence of each 
complaint At each of the high-altitude stations these forms were filled in by 
the vanous members of the Expedition m pnvate and these rephes were not 
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inspected until after the return to sea-level The questions are reproduced in 
Table V 

The frequency of reported “complaints”, as indicated by the replies to 
the questionnaires, was found to be directly related to the altitude (cf 
McFarland 1937) Fig 21 b shows the relation for both physiological and 


Table V Questionnaire on subjective complaints and 

ABNORMALITIES 

Physiological Psychological 


1 Feci poorly rested m the morning 

2 Troubled with sleeidcssness 

3 Frontal headache 

4 Easily fatigued on exertion 

6 Visual or auditory impairment 

6 Vertigo or dirzineas 

7 Irregular pulse 

8 Precordial pain or distress 

9 Cold extremities 

10 Feeling of hoot and aweatmg 

11 Nose blooding 

12 Shortness of breath on slight 

exertion 

13 Periodic or irregular breathing 

14 highing or long deep breaths 
16 Irregular breathing at night 

16 (las in stomach or intestines 

17 Nauscia or indigestion 

18 Vomitmg or anorexia 

19 Loss of appetite 

20 Tremors of fingers, hands, eyelids, 

etc 

21 Diarrhoea 

22 (Constipation 

23 Rmgmg or burzing m ears 

24 Aching of muscles without exorcise 
26 Feel stiff and cramped 

26 Impaired coordination or olumsmess 

27 Tightness across chest 

28 Physically depressed and miserable 

29 Pams m various parts of body 

30 Cyanosis 

31 Lassitude 

32 Feelmgs of suffocation at night 

33 Frequency of urmation 

34 Dryness of skin 
36 Sore throat 


1 Difficulty m remembering 

2 Slowness in reasonmg 

3 Easily irritated or iqisot 

4 Greater effort to carry out tasks 
6 Difficulty in concentratmg 

6 Frequently recurrmg ideas 

7 Worry over trifles 

8 Feelings easily hurt 

9 Diminution of strength of puipose 

10 Sudden changes of mood 

11 Mind wanders easily—distractible 

12 Mentally la/y 

13 Feel depressed and grouchy 

14 Greater dislike of criticism 
16 Fidgety or restless 

16 Heigh tenet! sensory irritability 

17 Dream during night 

18 Worry about affairs at homo 

19 Feel gay and exhilarated 

20 Easily upset by noises or inter 

nipt ions 

21 Worry excessively about health 

22 Nervous, high strung, mward tension 
2J Consciousness of sex 

24 Critical of other people 
26 Touchy on various subjects 

26 Stuttormg or blockmg of speech 

27 Fussy about food and eatmg 

28 Slow m making decisions 

29 Dislike being told how to do things 

30 Feel discontented and unhappy 


Frequency of appearance of the vanous “complaints” was indicated m the 
questionnaires used m the held by cheeking columns headed “often”, “seldom”, 
"never” 
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psychological complaints with altitude It should be noted that these 
“complaints” are supposed to represent subjective sensations and feelings 
beyond what the several Expedition members considered to be normal for 
sea-level In fact, however, it is probable that some of these complaints 
would have been recorded in an ecjual length of time at sea-level, i e the 
base-hne of complaints probably should be somewhat above zero On the 
other hand, there is no doubt that, with continuing stay m the field, we 



Fia 21 o Reflation between relative acclunatization of the individual as judged by 
huiwelf and as judged by hw follows 

Fig 216 Relative frequency of physiological and psychological complaints and 
abnormalities reported at different altitudes Jor nine normal men habituated to 
sea level 

became so used to some abnormalities that we were scarcely aware of them, 
1 e the recorded increase of complaints with altitude may have under¬ 
estimated the increased abnormality of our exjienences 

In any case, it is possible to arrange the Expedition members in order of 
subjective “fitness” from the relative frequency of complamts as indicated 
by the rephes to the questionnaires When this is done it is evident that 
frequency of complaints is closely correlated with observed accbmatization 
(cf ratmgs m Table II) 

It IS obvious that self-judgement, both by direct and indirect methods, 
yields results not greatly different from the results of judgement by others 
As one might expect, the indirect method (rephes to questionnaires) gives 
better results than the direct method of self-judgement and that, within the 
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indirect method, self-observation of physiological abnormahties is a better 
gmde than self-observation of psychological abnormahties 
Elsewhere (McFarland 1937 ) we have reported the detailed objective 
analysis of sensory and mental function at high altitude as revealed by 
vanous tests It is of mterost to note that impaired and disturbed psycho¬ 
logical function at moderately high altitude is observed subjectively more 
readily than it can be detected by brief objective tests, at very high altitude 



Figs 22, 23 Relation between observed mean accliraatiration to high altitude 
(2800-0140 m ) and frequency of abnormahties and oomplainte recorded privately 
Fig 22 physiological complamts, % 23 psychological complaints 


(above 6000 m ), however, this is no longer true and the subjective con¬ 
sciousness may not be aware of the effects of the altitude on psychological 
behaviour and abihty This is m full agreement with the observations of 
engineers and others resident at altitudes uj) to 3600 m and of mountameers 
and explorers who have chmbed above 6000 m 


General conclusions and summary 

Individual variations m abihty to acclimatize to high altitude were 
studied in the ten members of the International High Altitude Expedition 
over a period of about 4 months at altitudes up to 6140 m These men were 
all normal, healthy and vigorous 

Relative acclimatization of the Expedition members was judged inde¬ 
pendently, on the basis of mutual observation, by the ten men for each of 




Jndtvtdml variations in ability to acclimatize to high altitude 23 

the high-altitude stations There was httle disagreement as to the relative 
acclimatization of the different individuals 

Companson of the judgement of the individual by himself with that 
made by his fellows shows that there was a shght tendency to overestimate 
one’s own acchmatization, but that self-judgement was rarely seriously m 
error 

On the basis of questionnaire forms hlled in privately by the Expedition 
members at each high-altitude station, it was found that the frequency of 
subjectively observed complaints and abnormahties, both physiological 
and psychological, was closely correlated with the relative imperfection of 
acclimatization 

“Normal” individuals differ markedly in their abihty to adjust to the 
rarefied air of high altitude and these differences have no obvious relation to 
general physical condition or past athletic ability The ability to adjust to 
high altitude appears to be related to a number of measurable character¬ 
istics at sea-level Of these characteristics, age, body size, basal pulse 
rate, alveolar gas tensions in the basal state, blood alkaline reserve, and 
oxygen capacity were important in our group Acclimatization to high 
altitude involves a number of factors so related to the foregoing charac¬ 
teristics that a consideration of these characteristics may be expected to 
give an acceptable basis for prediction as to abihty to acchmatize to high 
altitude 

For relatively normal men between the ages of 29 and 44, habituated to 
sea-level, it appears that youth, slow pulse, low-normal blood oxygen 
capacity, low alveolar oxygen pressure, high alveolar carbon dioxide 
pressure and high alkalme reserve at sea-level are favourable for acclimatiza¬ 
tion at high altitude 

We found a good but not a perfect relation between observed relative 
acchmatization and our measured physiological characteristics at the same 
altitude Difficulty m obtaining this relation precisely is ascnbed to the 
complex nature of the physiological adjustments which continue for many 
weeks at high altitude At high altitude the relative excellence of acclimatiza¬ 
tion 18 markedly correlated with a slow pulse (both basal and standmg), with 
a small increase of pulse rate on nsing from the prone position, and with an 
oxygen dissociation curve of the blood which is httle changed from the sea- 
level position In partially acclimatized men there are slight but defimte 
correlations between excellence of acclimatization and relatively low blood 
oxygen capacity, small diffusion gradient m the lung, and high saturation of 
the arterial blood with oxygen With more complete acclimatization these 
latter correlations tend to disappear 



24 A Keys and others 

It IS concluded that caieful observation over a number of days by trained 
observers gives a better indication as to relative perfection of acclimatiza¬ 
tion than any laboratory measures yet devised 
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Supplement by B A Fishbb, F R S 
University College, London 

On the STATrSTIOAL TREATMENT OF THE RELATION BETWFEN SEA- 
LEVEL CHARACTERISTICS AND HIGH-ALTITUDE ACCIIMATIZATION 

Seven of the sea-level charactenstics of the members of the Expedition 
(figs 1-7) appear to show appreciable correlations with the subsequent 
acclimatization of these men at high altitude The combination of these 
seven variables in a formula so as to give the highest possible total correla¬ 
tion with acclimatization can be made by the method of least squares The 
formula has the form 

Acchra = a4-6(pulse)-i-c(pC02)-i-d(0jCap ) etc , 

and the coefficients obtamed by the method of least squares are given m 
the third column of Table A 


Table A 


Coefficient of 

Values used 

Least square 
values for 

4 factor 

6% 

pulso rate 

for fig 9 

7 factors 

formula 

fiducial limits 

Pulse rate 

-0 16 

-0 7607 

__ 


pCO, 

-1 52 

-2 634 

— 


0, capacity 

-310 

-3 691 

— 


Weight 

-1 26 

-0 9221 

-1 628 

(-0 720 to -2 632) 

pO, 

-3 16 

-3 590 

-2 148 

(-0 727 to -3 669) 

Alkab reserve 

+ 1 21 

+ 6 472 

+ 8 887 

(6 171 to 12 603) 

Age 

-2 27 

-2 207 

-1 818 

(-0688 to -3048) 


The formula is calculated from, and tested by, only nine individuals With 
the coefficients of seven independent vanables, and the absolute term, the 
formula contains eight adjustable constants Had one more sea level ob¬ 
servation been included, however worthless this one might be, the observed 
estimates would have been given by the formula with perfect accuracy 
Since, actually, only seven vanables have been used, there remains just one 
degree of freedom for dejiarturo from expectation Such departures usually 
furnish the basis for judging the precision of a formula, in this case the basis 
for such judgement is exceptionally narrow 

The sum of the squares of the residues obtained by the application of 
these coefficients to the several observables is 13 174 For any coefficient to 
differ aigmfioantly from zero, the increase in the residual sum of squares due 
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to dropping the corresponding variable out of the formula* would have to be 
about 160 (i e 12 706*) times as great os this last residual, or 2127 Frdm the 
least square solution it appears that the increments due to omitting each of 
the seven variables severally are as shown in the second column below 


Table B Inobement ov besidtjal sum of squabes due to 


OMITTINQ EACH FACTOR SEPARATKLl 



AU 

Omittmg 

Omitting 
pulse rate 


factors 

pulse rate 

and pCOg 

Pulso rate 

16 64 

_ 

_ 

pCO, 

27 06 

11 40 

— 

0| 

70 72 

64 06 

66 51 

Weight 

68 36 

311 86 

339 16 

pO, 

190 03 

218 24 

523 64 

Alkali reserve 

210 72 

362 23 

366 16 

Age 

631 71 

616 29 

609 40 

Mean square residual 

13 174 

14 410 

13 406 

Needed for significance 

2127 

266 8 

136 7 


Omitting pulse 
rate, joCO, 
and oxygen 
capacity 


656 77 
464 63 
1147 36 
444 65 
26 43 
203 7 


Hence it would appear that, as judged by the one degree of freedom of 
residual error, none of the seven coefficients differs significantly from zero at 
the 6 % level of significance 

This does not mean that the formula is worthless, but that all the indi¬ 
vidual coefficients might be vaned largely and, provided the other coeffi¬ 
cients were suitably adjusted, the predictive value would not appreciably be 
impaired The formula in seven variables is, therefore, to a large extent 
arbitrary, and one or more of the variates used must certainly be redundant 

This may be judged m another way The high ratio, 12 700, which for 
6 % significance a coefficient must bear to its standard error, based on only 
one degree of freedom, is due to the fact that it is not improbable that this 
one component should happen to be very small in the sample of persons 
examined, compared with its value for other samples Consequently, to 
bnng the probabihty to a convincing level, the contnbution of the individual 
vanables must be very large compared with the observed residue, if these 
are our sole sources of information on the magmtude of the discrepancies 
In this case, however, the manner m which ten independent judgements 
were combined to form the estimate of acclimatization provides a much 
more reliable estimate of the precision of this judgement, and also provides a 

♦ For technical details see Statutusai Methoda, especially Section 29 1 and Table IV, 
showing eg 12 706 as the 6 % value of t for one degree of freedom 



Indtvidml vanations in ability to acclimatize to high altitude 27 

lower limit below which its deviations from an acclimatization formula, 
denved from sea-level observations, cannot possibly fall 
The total score assigned at each altitude to each subject is made up of 10 
independent parts Its variance, therefore, is equal to 10 times the variance 
of these parts plus 90 times the average covanance of two different parts 
The method of scoring in which three subjects are given 6 marks less and 
three 6 marks more than the average, ensures that the sum of squares of 
deviations from the mean shall be 6 x 25 = 160 The observed sum of squares 
of deviations at any altitude, less 1600, may therefore be equated to 90 times 
the sum of products of the mdividual estimates But the average covanance 
of different independent estimates must be the true vanance of the quantity 
estimated, and, subtracting the sum of squares of this quantity from the 
sum of squares of the aggregate estimate of it, we obtain the sum of squares 
of the aggregate errors 

Thus if Zj, *10 are the aggregate scores given to 10 subjects at any 
altitude, 

Six) = 600, 

5(*-60)* = d, 

then 18 the estimated mean sum of products of two individual 

assessments 

Hence ^ (d —1600) 

18 an estimate of the true sum of squares of the total quantity assessed 
Subtracting from A we find 

16 , 000 -d 

0 

as the sum of squares of the errors of the total assessments 
For the four altitudes used we have 


Altitude A 16,000—A 

km 9 

2 81 7009 887 S 

3 66 8700 700 

4 71 8498 722 4 

6 34, 6 14 9311 632 1 

2942 4 


The total assessments at the four altitudes were averaged to give the 
acchmatization figure, so we may divide the total by 16 to obtam the sum of 
squares of deviations due to errors of estimation Since there are 9 subjects 
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this should bo further divided by 9, giving 20 434 as a minimal estimate of 
the variance by which a perfect formula ought to deviate from the observa¬ 
tions 

No contnbution of less than four times this amount (80) could reasonably 
be accepted as significant, so that the contributions tested severally of 
pulse rate, pCOj, weight and oxygen capacity mdicate that at least one of 
these vanables should be rejected 



Calculated 

Fia 24 Prediction formula baaed on only four observables at soa level Compare 
fig 9, and the more accurate seven factor predictions of Table C 


Table C Expectations from least squares formulae with 

SEVEN and IOUR VARIABLES LEAST SQUARES FORMULA 


7 factors 


4 factors 


B 

C 

D 

E 

F 

H 

K 

Mo 

T 


Obs Exp Diff 

89 61 088 -2 088 

32 32 011 -0 011 

34 34 096 - 0 096 

46 44 997 + 1 003 

66 66 127 -0 127 

10 8 476 +1 525 

90 89 167 +0 833 

26 26 916 -0 916 

60 61 121 -1 121 


Exp Diff 

69 627 -0 627 

29 676 +2 326 

31 863 +2 137 

46 632 +0 368 

72 688 -7 688 

10 761 -0 761 

84 221 +5 779 

27 496 -1 496 

60 136 -0 136 


The effect of omitting pulse rate is shown m the tlurd column of Table B 
The mean square residue 18 only slightly raised, from 13 171 to 14 408 Since 
this 18 based now on two degrees of freedom, the amount required for signifi¬ 
cance 18 much dimimshed, being only 266 8 m place of 2127 The three 
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vanables, weight, alkali reserve, and age now give significant regressions 
The contributions of ovygen capacity and of pCO^ are, however, diminished 
to so small a value as to show that they also ought probably to bo omitted 

The fourth column shows the effect of leaving out both pulse rate and 
pCOj In addition to the three others pOg now certainly makes a sigmficant 
contribution The mean square residue is, however, still lower than the value 
20 434, which from the method of estimation appears to be a minimum value 
for the real errors of prediction Seeing that the omission of oxygen capacity 
only raises the mean square to 2b 43 the advantage of retaining this variable 
18 very doubtful The remaining four vanables, used jointly, flo, however, 
give a prediction w itli a standard error of about 5 on the scale used Jb'ig 24 
shows the observed acchmatization compared with the predicted values of 
Table 0 

For this formula I have added, in Table A, the coefficients and their 6 % 
fiducial limits, i e the limits within which the tiue value will he in 96 cases 
out of 100 

From Table C it appears that the largest discrepancies from the four factor 
formula are between the two climbers rated highest This suggests that with 
more assessors, or a more careful method of estimation m which each 
assessor places all the subjects in order of merit, F and K would be 
placed more nearly equal 
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Transference of induced food-habit from 
parent to olfspring III 

By D E SiADDEsr,* DIG and H R Hbwee, M So 
Department of Zoology and Applied Entomology, Imperial College of 
Science and Technology 

{Communicated by E W MacBnde, FR 8 —Received 10 March 1938) 
Introduction 

The two previous oommumcfttions m this senes dealt with expenments 
designed to test the preference for, and ability to eat, ivy (as opposed to 
pnvet) m the stick insect Carausiua (Dixippus) morosus It was shown that, 
under the conditions of the experiments, this insect mcreased its ability to 
eat ivy when reared on this food plant mstead of on pnvet In the present 
paper these expenments are oontmued for two more generations and several 
other types of experiment are descnbed which help to clear up some of the 
rather puzzling features of the earlier work 
The methods employed are identical with those previously used, not 
because they cannot be improved upon, but because those later expenments 
had to be stnctly comparable with the earlier ones 
The expenments fall under two heads Presentation Tests and Preference 
Tests In presentation tests the newly hatched nymph is offered the 
experimental food plant for 24 hours If this is not eaten it is replaced by 
some ot the parental food plant for 24 hours Then the experimental plant is 
again presented, this time for 48 hours A second refusal is agam followed 
by a 24 hours presentation of parental food plant and a third presentation of 
the experimental food plant for 48 hours When at last the insect feeds on 
the experimental food plant the number of the presentation is recorded as 
the result of that experiment Smce the insect only feeds at mght, each 
24 hours penod represents one opportumty for a meal, thus, except for 
the first presentation, there is an alternation of two expenmental and one 

* The tragic death of Mias Sladden ocoiured on 20 June 1937 when the final 
figures included in this paper were on the point of completion The preparation of the 
manuscript is therefore solely the responsibility of Mr Hewer It ought to be added 
that Mr Hewer deserves a considerable portion of the credit for Miss Sladden’s previous 
papers as he devised the tyjx) of experiment which she earned out E W MacB 
[ 30 ] 
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parental food plant opportiunties Newly hatched nymphs can only live 
for about 24 hours without food The alternations of parental food plant 
(which 18 always eaten) provides for the continued existence of the nymph 
(see tables for the very small number of deaths witlun experimental times) 
but does not allow any great degree of growth No nymph went through a 
period of ecdysis dunng the presentation tests even though 3 or 4 weeks 
old although the first instar is frequently over at the end of two weeks in 
normally fed msects 

Preference tests consist in three presentations of both parental and 
experimental food plants at one and the same time so that the insect can 
choose between them If it accepts either parental or experimental food 
plant at all three presentations it is classed according to the food plant 
accepted If it accepts both parental and experimental food plants at any 
one presentation it is classed as “neutral” This latter ruling probably 
accounts for the rather large numbers of “neutral” msects, but it was 
considered that no “average” or “dommant preference could be stated 
from three presentations only and that a continuance of presentations 
would only result m the bmlding up of a food preference, whether one 
existed previously or not It is for this reason that strict numerical com¬ 
parison between experimental food-plant-preforrmg msects (in the prefer¬ 
ence tests) and those accepting the experimental food plant at the first 
presentation (m the presentation tests) cannot be made 

In order to make clear the relations of the various groups of insects 
employed m these experiments the genealogical table given m the second 
paper of the senes (Sladden 1935 , p 34) has been extended m Table I 


Peksentation and peeferenoe tests 

These tests are a direct continuation of those carried out on insects reared 
on privet and ivy respectively, the former being known as the (ontrols and 
the latter as the forced ivy-fed 

The results of the 6 th generation tests are shown in Tables II and III 
One or two pomts call for comment Only one parental group of forced 
ivy-fed insects was used for the production of offsprmg submitted to the 
accurate recording of the presentation tests because a number of other 
expenments, to be described later, were undertaken at the same time and it 
would have been impossible to carry out either efficiently had the numbers 
been larger (Other parental groups of forced ivy-fed insects were used to 
produce offspnng also forced ivy-fed but no detailed records were kept of 
these—see generation 7, Tables IV and V ) 



Table I 

(PnTet-fed) 
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Forced ivy fed, 1937 Forced ivy fed, 1937 
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No emphasis can be laid on the 100 % acceptance at the first presentation 
because of the small number of insects used 
Among the pnvet fed stock four groups were tested Fresh Forest Hill 
stock was introduced as a parallel stram to control stock of privet-fed 

Table H 

Presentation test 5 Ivy-fed parents, 1936 

Duration of Parental presenta 
experiment tion group 

Aug 1111 

Presentation test 4 a Privet ied parents, 1936 

Duration, of 
exjwrimont 
f>ept -Oct 
Aug -feopt 
Oct -Dec 
Feb -Mar 


Table HI 

Preference test 4 Ivy fed parents, 1936 
Parental presentation 

group No tested Privet Neutral Ivy Dead 

1 1 1 1 60 1 27 22 0 

PrEIBRENCE test 4a PrIVI'T fed parents 1036 

No to8t**d Privet Neutral Ivy Dead 

Forest Hill Stock 60 17 17 16 0 

Control Group 1 60 5 20 26 0 

Control Group 2 60 10 18 22 0 

msects for comparison All the insects used m the whole series of expen- 
ments were onginally derived from this source (ISladden 1934 , p 442) The 
three groups of control stock were used m order to test any possible vanation 
due to emergence tune That there is the possibility of this effect is shown 
by comparison of the times of the duration of the expenraents shown in 
the hrst column of Table II This point will be dealt with fully later in the 
paper 


Presentation of ivy to progeny 

No-. 

tested 1 2 3 4 5 Doaii 

Forest Hill Stock 100 73 27 -- _ — 0 

Control Group 1 100 92 8 — — — 0 

Control Group 2 100 60 39 1 — — 0 

Control Group 3 100 10 65 19 5 1 0 

Percentage 68 8 34 8 60 12 02 


Presentation of ivy to progeny 

No-s 

tested 1 2 3 4 5 Dead 

100 100 — _ _ — 0 


Vol CXXVI B 
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The preference tests give results according to expectations 
In 1936 the seventh generation was similarly tested—the results are 
shown m Tables IV and V 

Tablf IV 


Presentation test 6 IvY'Fed parents, 1936 





Presentation of ivy 


Duratiiin of 

Parental presentation 

No 


to progeny 





experiment 

group 

tested 

1 

2 3 4 

Dead 

J ulj -Sept 

2 3 11 

100 

86 

14 — — 

0 

June-Aug 

10 3 2 1 

100 

78 

21 — — 

1 


Pert! ntagu 


82 0 

17 6 — — 

06 

Presentation test 6 a 

Privet-fed parents, 1936 





Presentation of ivy 


Duration of 


No 


to progeny 



1 

2 3 4 

Dead 

exiierimont 

test! <1 

Jiine-July 

Forest Hill Stock 

KHl 

86 

16 — — 

0 

Tiino-Aug 

(’ontrol Croup 1 

100 

86 

13 1 — 

0 

Tunn-Aug 

f ontrol Croup 2 

UK) 

87 

13 — — 

0 


I’eroentage 


86 0 

13 6 0 3 - 

0 


Tablf V 

Preffrence test 6 Ivy tEO parents, 1936 

Parental presentation 

group No t<«tod Privet Neutral Ivy Dead 

2 3 1 1 60 2 15 33 0 

10 3 2 1 60 4 21 24 1 


Preference test 6a 

Privet-fed parents, 

, 1936 

No tested 

Privet 

Neutral 

Ivy 

Forest Hill Stock 60 

4 

27 

19 

Control Stock 60 

6 

27 

17 


The comparatively small numbers do not allow any far-reachmg con¬ 
clusions It will be seen however that both experimental and control 
insects accept ivy with almost equal readmess and that the period of the 
presentation tests extended over the months of June, July, August and 
September As shown in the section of this paper dealing with periodicity 
it 18 during these months that all the stick insects used show an equal ability 
to eat ivy That this is not pecuhar to this test (presentation tests 6 and 
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4o) 18 seen from Table VII where msofts (privet-fed) of three generations 
(1934, 1936 and 1936) show the same tendency 
Reference to Table VI will show the consistency of this series of tests 
over SIX hhal generations 

Taw f VI 


Duration of 
experiment 
Jan -April 
Nov -Jan 
Nov -July 
Sept -Nov 
Mar -Au(i 
Juno-Aug 


Oct -April 
Aug -May 
July-heb 
Aug 

July-Sept 


lilial 

generation 


2 

3 

4 
6 
0 


Summary of PBtsKNrATioN tests 

Filial Frivot fed parents Presentation of ivy 

genera , -» . . — ■ , 

tion 1 2 J 4 5 0 7 8 9 10 

1 8 0 32 0 21 6 12 0 11 2 11 2 2 4 0 8 0 0 0 8 

2 30 7 46 0 14 7 2 0 3 3 0 7 0 0 0 0 0 7 — 

3 54 2 40 9 48 00 02 — — 

4 61 0 39 0 - — — _ 

5 68 8 34 8 6 0 1 2 0 2 — . _ — — 

6 86 0 13 6 — 

Ivy fed parents Prosontation of ivy 


1 2 3466789 10 

2 78 26 18 99 1 5 0 12 0 12 — — — — — 

3 93 7 62 01— _ — _ — — 

4 90 3 9 5 03 — — — — - — 

6 100 0 — — _ _ — — _ _ — 

6 82 0 17 6 — — — — — — — — 


Summary ob preferkncf tests 

Privet fed parents Ivy fed parents 


Privet Neutral 
44 0 36 0 

33 2 44 0 

20 0 40 0 

22 0 36 0 

10 0 64 0 


Ivy Privet 

21 0 28 2 

22 8 16 6 

28 0 14 0 

42 0 2 0 

36 0 6 0 


Neutral Ivy 
37 0 36 6 

39 9 43 4 

39 0 47 0 

64 0 44 0 

36 0 67 0 


It wUl be seen however that the gradual concentration of pnvet-fed 
insects (controls) towards the first and second presentation grouiis which 
has been noted in a previous paper (Madden 1935 , pp 42, 43), reached its 
maximum in the fourth hhal generation and the last two tests in the fifth 
and sixth filial generations show a return to the earlier conditions 

This would be more marked in the fifth filial generation if a number had 
not been tested in August Mhich the analysis of periodicity shows to be a 
month when food preferences are not well marked 
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Table VII 

Presentation groups Privet-fed parents 


A Monthly ocoeptancos oach year 


Montli and year 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

ToteJ 

Jan 

1033 

8 

26 

8 

2 

1 

1 

2 


— 

— 

47 

Jan 

1934 

17 

24 

3 

— 

— 

— 

— 

— 

— 

,— 

44 

hob 

1932 

3 

20 

20 

13 

9 

10 

1 

— 

— 

— 

76 

Feb 

1936 

2 

32 

7 

4 

1 

— 

— 

— 

— 

— 

46 

Mar 

1932 

6 

20 

7 

2 

5 

3 

— 

— 

— 

— 

43 

Mar 

1934 

42 

35 

3 

— 

— 

— 

— 

— 

— 

— 

80 

Mar 

1936 

8 

33 

12 

1 

— 

— 

— 

— 

— 

— 

54 

April 

1934 

61 

41 

8 

— 

— 

— 

— 

_ 

— 

— 

110 

May 

1934 

66 

39 

2 

1 

— 

— 

— 

— 

— 

— 

108 

June 

1934 

21 

7 

1 

— 

— 

— 

— 

— 

— 

— 

29 

June 

1936 

61 

14 

— 

— 

— 

— 

-- 

— 

— 

— 

76 

July 

1936 

84 

16 

— 

— 

— 

— 

— 

— 

— 

— 

100 

Aug 

1935 

61 

6 

— 

— 

— 

— 

— 

— 

— 

— 

66 

Aug 

1936 

87 

13 


— 

— 

— 

— 

— 

— 

— 

100 

Sept 

1934 

24 

6 

— 

— 

— 

— 


- 

— 

— 

30 

Sept 

1936 

31 

3 

— 

— 

— 

— 

— 

— 

— 

— 

34 

Opt 

1934 

20 

18 

— 

— 

— 

— 

— 

— 

— 

— 

38 

Oct 

1935 

23 

7 

— 

— 

_ 

— 

— 

— 

— 

— 

30 

Nov 

1932 

2 

9 

2 

— 

2 

1 


_ 

1 

— 

17 

Nov 

1934 

17 

16 

- 

- 

— 

— 


— 

— 

— 

32 

Nov 

1935 

20 

21 

— 

— 

— 

— 

— 

— 

— 

— 

50 

Dcsj 

1932 

36 

35 

1 

— 

2 

— 

— 

— 

- 

— 

74 

Dec 

1933 

13 

21 

2 

— 

*— 

— 

— 

— 

_ 

— 

36 

Doc 

1935 

8 

11 

1 


— 

— 

— 

— 

— 


20 


Month 

1 

2 

B 

3 

Monthly totals 

4 6 6 

7 

8 9 10 

Total 

Jan 

26 

49 

11 

2 

1 

1 

2 

_ _ _ 

91 

heb 

6 

62 

27 

17 

10 

10 

1 

_ — __ 

122 

Mar 

66 

88 

22 

3 

6 

3 

— 

- _ __ 

177 

April 

61 

41 

8 


— 

— 

— 

- - 

110 

May 

66 

39 

2 

1 

— 

— 

- 

— _ _ 

108 

Juno 

82 

21 

1 

— 

— 

— 

— 

— — _ 

104 

Julj 

84 

16 

— 

— 

— 

— 

— 

— — — 

100 

Aug 

148 

18 

— 

— 


_ 

— 

_ _ _ 

166 

Sept 

66 

9 

— 

_ 


_ 

— 

— _ — 

64 

Oct 

43 

26 

— 

— 

— 

_ 

— 

— _ _ 

68 

Nov 

48 

46 

2 

— 

2 

1 

_ 

— 1 _ 

99 

Doc 

67 

67 

4 

— 

2 

— 

— 

— _ 

130 


1339 








Transference of tndwed food-hab%t from parent to offspring 37 


Table VII {continued) 

C Mean presentation tunos and standard deviations 



MPT 

s n 

Jan 

2 08 

±0 78 

Feb 

3 07 

± 1 40 

Mar 

1 99 

+ 1 03 

April 

1 62 

±0 63 

May 

1 43 

±0 68 

June 

1 22 

±0 44 

July 

1 16 

+ 0 37 

Aug 

1 II 

±0 32 

Sept 

1 14 

+ 0 35 

Oct 

1 37 

±0 48 

Nov 

1 7J 

± 1 30 

Dec 

I 64 

±0 96 


Table VIII Pbesbntation groups Ivy-ibd parents 


Month anil year 


69 II 

24 6 

21 5 

68 9 

15 2 

19 14 

13 1 

9 9 

7 7 

18 7 

9 4 

9 3 

56 6 

12 — 

74 26 

66 1 

94 6 

100 — 

66 6 

300 20 

91 2 

16 1 

298 14 

63 7 

44 16 

146 6 

36 11 

74 10 

73 8 

61 5 


Total 
80 
29 
26 
77 

17 
33 
14 

18 
14 
26 
13 
12 
63 
12 
99 
68 

100 
100 
70 
320 

1 — — 94 

— __ 17 

- — — 312 

- — 60 

2 1 — 63 

- — — 161 

_ _ __ 47 

1 — — 86 

— 81 

- — — 66 


A Monthly acceptances each year 

1 2 3 4 6 


Ian 1933 
Jan 1934 
Jan 1936 
Feb 1933 
Feb 1934 
Mar 1933 
Mar 1934 
Mar 1937 
April 1933 
April 1934 
May 1934 
June 1936 
Tune 1937 
July 1934 
July 1936 
Aug 1933 
Aug 1934 
Aug 1936 
Aug 1936 
Sept 1933 
Stpt 1934 
Sept 1936 
Oct 1933 
Oct 1934 
Nov 1932 
Nov 1933 
Nov 1934 
Deo 1932 
Deo 1933 
Deo 1934 
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Table VllI (continued) 




B Monthly totals 



Month 

1 

2 

3 

4 6 Total 

Jan 

114 

21 

_ 

— ~ 136 


Fob 

83 

11 

— 

— — 94 


Mar 

41 

24 

— 

— — 66 


April 

26 

14 

— 

_ 39 


May 

9 

4 

— 

— — 13 


Juno 

65 

9 

— 

— — 74 


July 

86 

25 

_ 

— — 111 


Aug 

324 

14 

— 

— — 338 


Sept 

407 

23 

I 

_ _ 431 


Oct 

361 

21 

—. 

— — 372 


Nov 

225 

33 

2 

1 — 261 


Dec 

198 

23 

1 

— — 222 






2165 


(’ 

Moan presentation tunos 

anil stanelarel deviations 




MPT 


8 D 



Jan 

1 16 


±0 36 



iob 

1 12 


±0 32 



Mar 

1 37 


±0 49 



April 

1 36 


±0 48 



May 

1 31 


±0 48 



' Juno 

1 12 


±0 33 



July 

1 23 


±0 41 



Aug 

1 04 


±0 20 



Sept 

1 06 


±0 23 



Oct 

1 06 


±0 23 



Nov 

1 16 


±0 41 



Dec 

1 11 


±0 33 



Table IX Preference test 3 b 1934 




Experimental foexl rose 





No tejstcei 

Ivy 

Neutral Bose 

Dead 

Progeny of ivy foe 

1 parents 

260 

71 

88 90 

1 

LPor 

60 


142 

17 6 18 0 

0 2] 




Privet 

Neutral Hose 


Progeny of privet 

feel parents 

1 50 

4 

26 20 

0 



Experimental fooei lilac 




No tosteei 

Ivy 

Neutral Lilac 

Dead 

Progeny of ivy foe 

:1 parents 

260 

46 

77 127 

0 

[Per 60 


92 

15 4 26 4 

0] 




Privet 

Neutral Lilac 


Progeny of privet feel parents 

1 60 

3 

19 28 

0 
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Table IX {continued) 

Exiwnmental food fuchuia 

No tested Ivy Neutral Fiiclisia Dead 

Progeny of ivy fed parents 260 89 81 80 0 

[Per 60 17 8 16 2 16 0 0] 

Pnv et Neutral Fuchsia 

Progeny of privet fed parents 60 14 24 12 0 

Experimental food blocklioiTj 

No tested Ivy Neutral Hlatkberry Dead 
Progeny of ivy fed parents 250 29 60 161 0 

[Per 60 6 8 12 0 32 2 OJ 

Privet Neutral Blackberry 

Pi-ogenj of privet fed parents 50 6 13 32 0 

Exporiinontal food pojilor 

No testwl Ivy Neutral Pojilar Dead 

Progi ny of ivy fed parents 260 240 0 0 ] 

[Per 60 49 8 0 0 0 2] 

Privet Neutral Poplar 

Progeny of privet fed parents 60 60 0 0 0 

Table X 

Presentation test 4b Ivv fed parents, 1035 

Presentation of lilac to progeny 
Parental prcsenta No , . ■ ■■ — ■■ . 

tion group tested 1 2 3 4 Dead 

2 3 1 1 100 92 8 — — 0 

10 3 2 I 100 96 4 — — 0 

Privet kld parents, 1036 

Eorost Hill Jstock 100 96 4 — 0 

Control btotk 100 96 6 - — 0 

Preference test 4b Ivy-fed parents, 1035 
Parental presentation 

group No tested Ivy Neutial 1 iluc Dead 

2311 60 10 8 32 0 

10 3 2 1 60 8 16 20 0 

Total 100 18 24 68 0 

Privet fed parents, 1036 

Forest Hill Stock 60 2 16 33 0 

Control Stock 60 8 17 25 0 

Total 100 10 32 68 0 



40 


D E Sladden and H R Hewer 


Table XI 

Presentation test 4c Ivy-fed parents, 1936 
Prose ntatioiu of poplar to progeny 

No ,-■-> Re 

toatod 123466789 10 fused Dead 

100 0 9 4 7 2 2 3 3 0 2 63 16 

100 1306322333 63 22 

200 1 12 4 12 5 4 6 6 3 5 100 37 

67 143 

Privet-fed parfnts, 1936 

Forest Hill Stock 100 0 2 0 6 3 1 6 1 2 

Control Stock 100 223313101 

Total 200 24984401 3 

43 


Preference test 4c Ivy-fed parents, 1936 


Parental presentation 

group No tested Ivy 

Neutral 

Poplar 

2 3 11 

60 60 

0 

0 

10 3 2 1 

60 60 

0 

0 

Forest Hill Stock 

Privet fed parents, 1936 

Privet 

60 60 

Neutral 

0 

Poplar 

0 

Control Stock 

60 60 

0 

0 

Previously it had 

Periodicity 

been suggested that the concentration 

was due to 


seasonal changes (Sladden 1935 , pp 43, 44) This has been the subject of 
further investigation Fortunately, all records, with the exception of a few in 
1932, contained data about the dates of emergence and consequent testing 
It was therefore possible to reorientate all the presentation tests hgures in 
the monthly periods irrespective of parentaige or year These data are set 
out in Tables VII (ivy fed parents) and VIII (privet-fed parents) 

Each table contams the yearly composition of tlie monthly groupmgs, 
the monthly totals m presentation groups and lastly the mean presentation 
times expressed as decimals of group numbers 

During 1936 and 1937 further presentation tests were earned out in 
order to mcrease the totals for certam months The totals are now 


1 08 0 

1 67 10 

2 136 22 


Parental jireson 
tation group 
2 3 11 
10 3 2 1 
Total 
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reasonably high, with the exception of that for the month of May among the 
ivy-fed insect data No emergences among these insects have occurred for 
several years m the month of May 

Referring first to the privet-fed stock (controls) the periodicity postu¬ 
lated 18 shown very obviously not only m the percentages accepting ivy at 


Table XII 


Presentation test 6c Poplar fed parents, 1936 


Parental presentation 
group 

No tested 

Presentation 
groups 1-10 

Refused 
10th presen 
tation 

(2311)2 

20 

0 

4 

(2311)4 

60 

0 

30 

(10 3 2 1) 4 

30 

0 

26 

(10 3 2 1) 7 

50 

0 

40 

(Forest Hill) 3 

95 

0 

74 

(Forest Hill) 7 

100 

0 

87 

lotal 

345 

0 

270 


Preierenoe tpst 6c Poplar-fed parents, 1936 


Parental prosontation 
group 
(231 1 ) 2 
(2 3 1 1) 4 
(10 3 2 1) 4 
(10 3 2 1)7 


(Forest HiU) 3 
(Forest Hill) 7 


No tested Pro et N( utral 


Indices outside brackets rtifer to poplar presentation groups 


Dead 

16 

11 

4 

10 

21 

13 

76 




Table XIII 








% selected/ 

% selected/ 

Stock 

selected 

Hatched 

Useil 

hatched 

used 

(2 3 1 1) 2 

300 

40 

33 

13 3 

11 0 

(2 3 1 1) 4 

316 

164 

100 

52 1 

31 7 

(10 3 2 1) 4 

225 

46 

46 

20 4 

20 4 

(10 3 2 1) 7 

225 

167 

100 

69 8 

44 4 

(Forest Hill) 3 

330 

171 

145 

61 8 

43 9 

(Forest Hill) 7 

256 

166 

160 

66 1 

58 8 

Totals 

1650 

744 

674 

Moans 45 1 

34 8 


Cf Table X 

, Sladden (1935) which gives 


Totals 

4060 

3660 

2600 

Moans 90 4 

71 0 
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the first presentation (as opposed to those accepting ivy at the second or 
third) but also m the number of presentations roqmred to induce some 
insects to accept ivy during the winter and spnng The correspondence 
between the results for February and March ui 1932 and 1936 is notable 
as indicating the probable validity of the figures, consistent as they are 
with the January figures of 1932 and 1933 

Examination of these tables can leave no doubt that a penodicity exists 
either m the palatability of the food plant or in the habits of the msoct 
There is no direct evidence to distinguish between these two possibilities, 
but this does not matter sime we are concerned solely with the elucidation 
of the anomalous results obtamed w ith the controls from year to year 
It will be seen that there is an approximation of observed data on both 
experimental and control insects during the months of June, July and 
August In fact it is quite conceivable that a repetition of these experi¬ 
ments carried out o\er these three months would produce results, mathe¬ 
matically significant, in direct contradiction to those obtamed by us dunng 
other periods of the year It is to ho regarded as fortunate that our original 
experiments were carried out during the time of year when the differences 
in Iiehaviour between the pnvet-fed and ivy-fed forms is at its maximum 
Tht« point must he borne in mind sJiould these e^cjienmenis be repeated 

Tests on other food plants 

In the course of the experiments previously communicated it seemed 
possible to us that the increased ability to eat ivy shown by the ivy-fed 
stock might not be specific but merely an expression of a more generalized 
ability to eat any other food plant 

With a view to testing this view a number of preference tests were made 
with five different food plants, some of which had already been reported as 
possible foods for the mseit The results of these tests are set out m 
Table IX It will be noted that the ivy fed stock i^ere tested with ivy and 
the experimental lood plant, and the pnvet-Ied stock tested with privet 
and the same food plant This appeared to be the only way to make com¬ 
parable tests The large number (260) progeny of ivy fed parents tested is 
due to the use of five different parental groups each providing fifty experi¬ 
mental progeny 1'here was no significant difference between any ol these 
groups so that the average per hfty is quite justified 
The followmg pomts emerge 

(1) Poplar 18 consistently refused and is the only food plant of the five 
to be more distasteful to the insect than ivy or pnvet 
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(2) Rose, lilac and blackberry appear to be more readily eaten than ivy 
or privet 

(3) Fuchsia appears to be at about the same degree of “preference” as 
ivy and privet 

(4) Leaving “poplar” on one side, m all the other experiments the 
progeny of ivy-fed parents appear to “prefer ivy to the experimental 
food plant more than the progeny of pnvet-fed parents “prefer” privet 

There is thus no evidence that the induction of an ivy-feedmg habit has 
“broken” a privet feeding habit since privet is certamly not one of the 
most palatable food plants to the insect 

In fact to speak m such terms is obviously inconsistent with the delicacy 
of the process which has really taken place The change in food habit is, in 
fact, extremely small and only detectable by a method of presentation and 
preference testa such as we have employed 

As an example of this dehcaey \ve may quote a further experiment 
carried out using lilac as the experimental food plant In 'fable X are set 
out the results of presentation and preference tests on the progeny of both 
ivy-fed and pnvet-fed parents 

The results of presentation test 4 B are such that any further generations 
for purposes of testmg are little good since the jxircentage taking lilac at 
the first presentation is very high while those preferring lilac to ivy is over 
60% (preference test 4B) 

Preference test 4B is practically a repetition of the preference test in 
lilac in Table IX and the figures \m 11 be seen to agree very well 

Another example, in the opposite direction, is shown in the presentation 
and preference tests in poplar (Tables XI and XII) In these tables two 
generations are shown and the most notu eable feature of the experiment 
as a whole is the complete failure to induce the insects to increase their 
ability to eat poplar 

After presentation test 41^ it hardly seemed worth while to contmue the 
expenment since so many individuals had either died or refused poplar for 
ten presentations 'fins limit had to be imposed as otherwTse it became 
impossible to keep adequate records of the individuals tested 

The expenment was however continued for a second generation to see 
whether selection was taking place In Table XII it will be seen that none 
of the 345 progeny tested accepted poplar during the first ten presentations 
The death rate was again high It is possible to account for this on the 
grounds that a modification of feeding habit towards ‘ ‘ ability to eat poplar ’ ’ 
18 outside the range of adaptability of the insect Its repugnance for this 
food IS very clearly shown in all the preference tests 
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Lastly it may be noted that these experiments on poplar were accom¬ 
panied by a great decrease m the fecundity of the parents and m the 
viability of the eggs This is shown in Table XIII with a comparison with 
totals from normal batches of eggs 


Conclusions 

This senes of expenments is now brought to an end, and it is very 
doubtful whether they could ever be repeated unless someone could be 
found willing to devote himself tliroughout the year to the tedious 
recording and experimentation earned out by Miss Dorothy Sladden, over 
a period of some six years 

The conclusions appear to be fairly clear Two sets of stick insects, one 
reared on privet in every generation but tested for their ability to accept 
ivy by presentation and preference tests on samples of each generation, 
the other reared on ivy in every generation after havmg been tested for 
their ability to accept it by identical tests, have demonstrated different 
relative tendencies to accept ivy as a food plant 

Those forced to eat ivy from the first generation onwards rapidly 
developed an increased ability to accept this food plant, an ability which is 
comparatively little affected by the time of year when the test is made 

Those reared on privet continuously displayed dunng the first four 
filial generations an increased ability to accept ivy but to a much less extent 
than did the ivy-fed stock Further this increased ability to accept ivy 
appears to be a function of the time of year when the teste are made, since 
not only do the fifth and sixth fihal generations show a decrease m the 
ability to accept ivy but analysis of the results on a monthly basis displays a 
distmot annual penodicity only slightly and hardly significantly shown by 
the ivy fed stock 

It 18 therefore difficult to escape the concfusion that the forced ivy- 
feeding has induced the increased ability to accept ivy in succeeding genera¬ 
tions in this parthenogenetic insect It is a matter of the deepest regret 
that the work cannot be earned on and repeated with insects reproducing 
by sperm and egg 
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In 1928 Stncker and Grueter found that the administration of a crude 
anterior pituitary extract to rabbits, which had been ovanectomized dunng 
pseudopregnancy, resulted in the secretion of milk This result was of 
fundamental importance as it suggested that the stimulus to the onset of 
lactation after parturition was the secretion of a substance by the pituitary 
gland, and not merely the removal of the stimuli whu h cause growth of the 
mammary gland during pregnancy The results of Stneker and Grueter 
have been widely confirmed and at the present time the theory is generally 
accepted that initiation and maintenance of lactation are controlled by the 
antenor pituitary gland The chief evidence for this theory, which has been 
adequately reviewed recently by Nelson ( 1936 ), is, briefly, that normal 
lactation does not occur spontaneously in the absence of the pituitary 
gland, although the secretion of milk may, m suitable circumstances, follow 
the administration of antenor pituitary extracts to normal or hypo- 
physectomizecl ammals 

The simplest interpretation of the evidence suggests that the antenor 
pituitary gland secretes a “lactation” or ‘ lactogenic” hormono, and until 
recently this view had been generally held Evidence 111 its support has 
been provided by Riddle and others (see Nelson for references) who have 
prepared relatively purified antenor lobe extracts capable of inducmg 
copious secretion of milk m experimental animals under suitable conditions 
Riddle has named the active pnnciple “prolactin” and has shown that 
preparations of prolactin possess the ability to cause growth of the pigeon 
crop-gland In view of the accumulation of evidence suggestuig that 
( 46 ] 
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stimulation of growth of the pigeon crop gland is a specific projierty of 
prolactin, methods of assay of prolactm have almost entirely been based 
on the jngeon crop-gland test It is therefore convenient, as will be done 
in the present communication, to use the name prolactm to describe the 
substance present m anterior pituitary extracts which stimulates growth 
of the pigeon crop-gland, without prejudice to the question of whether or 
not all preparations of prolactm are lactogenic 

During the jiast year evidence has accumulated which indicates that 
comparatively punfied preparations of prolactin are incapable of promotmg 
milk secretion in hyfiophysectomized animals, although, m most instances, 
crude anterior lohe extracts arc capable of so doing From the work of 
Nelson and (faiint {1937) and of Gomez and Turner (1937 a, b) it appears 
that, m addition to jirolaitin, the administration of either adrenal cortex 
hormone or anterior pituitary adrenotropic hormone is necessary for the 
initiation and maintenance of lactation in hypophysectomized animals It 
has further been suggested that the carbohydrate metabolism hormone of 
the anterior pituitary gland is also necessaiy (Gomez and Turner 19376) The 
presence of the “anti-insulin” or “glycotropu ” (Young 1936a) factor of 
the anterior lobe in prejiarations of prolactin, as normally obtained, is 
probably of significance in this connexion (Young 19366) The evidence at 
present available therefore suggests that prolactin is by no means the only 
antenor pituitary substance which is concerned m the control of lactation 

The important question of the composition ol the fluid secreted by the 
mammary gland under the stimulus of pituitary preparations has not 
received sufficient attention Bergman and Turner (1937) compared the 
composition of the milk secreted by jiseudopregnant rabbits under the 
stimulus of anterior lobe extracts with that of normal rabbit colostrum and 
concluded that the two were similar m fat and lactose contents, but tew 
studies of this type have been reported Many authors have regarded the 
formation of a few drops of milk-like fluid as mdicative ot “lactogenic” 
activity of the preparation injected, a conclusion which is not altogether 
satisfactory As attempts have been made to stimulate deficient milk 
secretion m women by anterior lobe therapy, it seems desirable that much 
more attention should be paid to the composition of the milk secreted For 
such an mvestigation the cow is very suitable since much is known about 
the comjiosition of cows’ milk under different conditions, and large amounts 
can readily be obtained 

Azunov and his collaborators (Azimov, Kruze, Skarimskaja, Mahova, 
and Fommskaja, 1936, Azimov and Krouze 1937) found that a single injec¬ 
tion of a small amount of a crude alkaline extract of antenor pituitary lobe 
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caused a substantialtemporary increase in the milk yield of cowsm deolming 
lactation The composition of the milk secreted during the penod of 
stimulation was normal 

In the present investigation cows m declining lactation have been used 
In most instances the influence of a smgle mjection of chlTerent antenor 
pituitary preparations on milk yield and composition was studied, but m 
two experiments the effect of daily injections of prolactm on milk yield 
etc was determined Home results from one of these exjieriments have 
already been bnefly recorded (Folley and Young 1937) hoped, by 

investigations with suitably standardized extracts, to throw some light on 
the question of the relationship of the antenor lobe factois concerned with 
carbohydrate metabolism to those contioiling lactation For this purpose 
preparations of prolactin having high or low glycotiopic (anti-insulin) 
activities were used as well as jireparations which were known to possess 
diabetogenic activity in the normal dog tlljcotropic activ ity is determined 
on the basis of ability to abolish the hypoglycaemic action of intravenous 
insulin in the intact fasting rabbit without sigmhcantly affecting the 
resting blood-sugar level and it must be stressed that an anterior lobe 
preparation may possess substantial glycotiopic activity without possessing 
the ability to induce the symptoms of diabetes on administration to a 
normal dog (Young 1936a 19386) 

The administration of thyioxmo is known to increase the milk yield of 
lactating cows (Graham 1934a, 6 Folley and White 1936) and it was also 
of interest to determine whether 01 not the administration of antenor 
pituitary thyrotrojiic preparations would stimulate milk production in the 
cow 

MhTnons 

Experimental animals 

Altogether thirty-three cows of the Dairy Hhorthorn breed were used in 
the present investigation, nineteen of these belonged to the herd of the 
Readmg University farm, and fourteen to the herd of the National Institute 
for Research in Dairying The feeding of the animals was that usual m this 
c ountry for dairy c ows under good management The cows were milked 
twice daily at approximately Tam and 4 pm, the milk from each milking 
being weighed on a spring balance to 0 25 lb All injections were given 
subcutaneously 

In most of the experiments some of the animals used were pregnant, but 
care was taken to ensure that each member of the control group of cows 
resembled its counterpart in the expenraental group as closely as possible 
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with regard to stage of lactation, number of lactations, tune since mating if 
pregnant, etc 

interior pituitary gland extracts 

(а) Preparation All these were prepared from ox anterior lobe tissue 
Crude saline extract was prepared at low temperature from fresh ox 
antenor lobe by the method descnbed by Young (19380) The extract was 
stored at 0° C and used within 2 days of preparation The volume of the 
extract was so adjusted that 3 c c of extract was equivalent to 1 g of fresh 
gland tissue 

“ Prolactm-C ” and “Thyrotropic-C”, 1 e preparations obtained at low 
temperature from fresh ox glands, were prepared by the method descnbed 
by Young (19386) The “ Thyrotropic-C ” of the present paper is the same 
as the “non-Prolactm-C” of the earlier (oinmumcation These preparations 
were stored in a frozen condition at —11" C for some weeks before use 
Their volume was so adjusted that 3 c c of each extract were eqmvalent to 
1 g of fresh gland tissue 

Two samples of partially purified prolactin (preparations 32 C and Pg) 
were prepared from commer(ial(B D H Ltd ) acetone-desiccated ox antenor 
lobe by the modification of the method of Bates and Riddle (1935) ribed 
by Young (19386) As these two preparations were of the same type, they 
will be referred to as Prolactin 1 and Prolactm 2 respectively in the present 
commumcation 

A thyrotropic preparation (60 Dj) was also obtained from commercial 
dned gland by the method of Young (19386) This preparation will be 
designated as Thyrotropic 1 in the present paper 

(б) Pigeon crop-gland assays All the preparations used were assayed for 
pigeon crop-gland stimulating activity by the method described by Row¬ 
lands (1937) The results are given in Table I 

It will be seen from Table 1 that no pigeon crop gland stimulating ac¬ 
tivity could be found in Th)rrotropic I or Thyrotropic-C by the method used 

Table I Prolactin assays according to the method 
OF Rowlands (1937) 

Mean crop gland 
Amount injected mcreaae 
Preparation daily g /300 g bird 

Crude saline extract 0 1 c o 2 7 

Prolactin 1 10 mg 4 6 

Prolactin 2 3 0 mg 6 0 

Prolactin C 0 2 c c 3 1 

Thyrotrojiio I 20 mg 0 0 

Thyrotropic C' 2 0 e c 0 0 
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(c) Thyrotropic activity assays The preparations were assayed for 
thyrotropic activity by the method of Rowlands and Parkes (1934), with 
the results recorded in Table II According to Heyl and Laqueur (1935) 
the substance which induces enlargement of the thyroid gland and that 
which induces increased secretion of the thyroid hormone are not identical 
Our preparations have been assayed only by the method utilizing the 
enlargement of the thyroid gland of the immature gumea-pig In the 
present communication, therefore, the thyrotropic activity is that mducmg 
increase in size of the thyroid gland and not necessarily causing increased 
secretion of the gland Table II shows that no thyrotropic activity could be 
found in Prolactm I by the method of assay used, and Prolactin 2 and 
Prolactin-U each (ontainod only a trace of thyrotropically active con¬ 
taminant 

Table II Thyrotropic assays accordino to the method 
OF Rowlands and Parkes (1934) 

Increase m weight 


Preparation 

Amount injected 
daily 

of tliyroid gland 
mg 

Crude saline extract 

06cc 

-t-40 

Prolactm 1 

20 mg 

- 1 

Prolactm 2 

10 mg 

-t- 9 

Prolactm C 

06cc 

-t- 6 

Thyrotropic 1 

1 mg 

-t-17 

Thjfrotropio C 

0 6 c c 

+ 43 


(d) Determination of glycotropic activity The glycotropic (“anti msulin”) 
activity of the pituitary preparations was assessed on the basis of the 
influence, in intat t rabbits, of two mjections of extract on the hypogly caemic 
action of 2 units of intravenously administered insulin, injected hr 
after the second injection of pituitary extract The details of the procedure 
are given by Young (19386) Under the conditions of this test the resting 
blood-sugar level of the rabbits is not significantly mfluenced by the in¬ 
jection of the active pituitary extracts, although the hypoglycaemic action 
of the insulin may be completely abolished 

Table III gives the amount of the different preparations required, m 
each of two injections, to abolish, or nearly to abohsh, the hypoglycaemic 
action of 2 units of msulin m intact rabbits under the conditions of the 
above test 

(e) Jhabetogemc activity Only two of the preparations used (crude 
saline extract and Thyrotropic C) possessed true diabetogenic activity, 1 e 
the daily admimstration to normal dogs of suitable doses of either of these 
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preparations only, induced the appearance of the symptoms of diabetes 
mellitus (see Young 19386) 

(/) Belattve biological actimties of the preparations used In Table IV is 
given a summary of the relative biological activities of the different antenor 
pituitary preparations used Comparisons of the activities of Prolactm-C 
and Thyrotropic-C with the other preparations are made on the basis of 
the relative weights of antenor lobe tissue required for the preparation of 
amounts of extract having comparable biological activities 

Table III The amount of anterior pituitary extract required in 

BACH of two injections TO ABOLISH, OR NEARLY TO ABOLISH, THE 
HYPOGLYOAKMIC ACTION OF INSULIN UNDER THE CONDITIONS DE- 
Amount required 
4oo 
100 mg 
160 mg 
60c 

9 c 0 

• A satisfactory glycotropio assay could not be earned out on this preparation 
owing to posterior lobe contamination (see below) Assays on similar preparations 
oontammg no detectable oxytocin suggest that two doses each of 160-200 mg would 
have been required nearly to sbohsli the hypoglycaemic action of insulin in the test 


Table IV Relative biological activities op the 


Preparation 

PREPARATIONS USED 

Glycotropio 
Prolactm activity 

Thyrotropic 

activity 

Diabetogemo 

activity 

Crude saline extract 

-I + + 

+ -1- -f 

+ + -h 

+ -1- + 

Prolactm 1 

-h + 

+ 

0 

0 

Prolactm 2 

-f -h 

+ 

Trace 

0 

Prolactm C 

+ + 

+ + + 

Trace 

0 

Thyrotropic 1 

0 

( + )7 

-1- + 

0 

Thyrotropic C 

0 

+ + 

-1- -f -h 

+ + 

Although no thyrotropic activity could be detected in 

Prolactm 1 


prejiaration, and no pigeon crop-gland stimulatmg activity was found in 
Thyrotropic 1 and Thyrotropic-C, it caimot be assumed that these prepara¬ 
tions were entirely free from substances having these activities All that 
can be said is that no detectable activity was found by the methods in use 
m our laboratones 

Table IV mdicates that Prolactin preparations 1 and 2 have pigeon crop- 
gland stimulatmg activities similar to that of Prolactm-C, but that the 


Preparation 
Crude saline extract 
Prolactin 1 
Prolactin 2 
Prolactm C 
Thyrotropic 1 
Thyrotropic C 
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glycotropic activity of the Prolactm-C preparation (obtained from fresh 
gland) 18 much greater than that of Prolactin 1 or of Prolactin 2 , both of 
which preparations were obtained from commercial dried antenor lobe 


Posterior lobe contamination of anterior lobe extracts 
Though there is httle evidence that ext/acts of posterior lobe influence 
the secretory activity of the mammary gland parenchyma, m view of the 
fact that injections of postenor pitmtary extracts havd been shown to 
stimulate the release of preformed milk from the mammary gland (Ham¬ 
mond 1913, Turner and Slaughter 1930), it was considered advisable to 
assay the antenor lobe extracts used in the present mvestigation for 
oxytocic activity, using the vtigm gumea-pig uterus method The results 
of the assays, which are given in Table V, show that, with the exception of 
Thyrotropic 1, the extracts contained only negligible amounts of substances 
causing contraction of uterine muscle 'J'he extracts were heated on a boiling 
water bath for 2 ramutes in 0 26 % acetic acid before the assays of oxytocic 
activity were made, m order to exclude some, though probably not all, 
non-specific substances having an action on the guinea-pig uterus similar to 
that of oxj tocm 


Table V Posteriob lobe as&a\ s on anterior lobe extracts 


Preparation 
Crude aalme extract 
Prolactin 1 
Prolactin C 
Ihyrotropic 1 
Thyrotropic C 


Oxytocic activity international 
units 

1 c c =0 01 unit 
1 mg = 0 0002 unit 
Icc =0 005 unit 
1 mg = 0 25 unit 
1 c o =0 OOB umt 


Sampling of milk In most experiments samples were taken from the 
mornmg and evemng milkings tor the purpose of chemical analysis The 
samples of mdividual cows were analysed separately so that the reaction 
of each animal to the experimental procedure could be determined From 
the yields and analyses of the milk from individual cows in a group, a 
“weighted” mean content of the solids m the milk of the group could be 
calculated 

In all experiments control analyses on the milk were made over a period 
of at least a week before the pituitary mjoctions were given 

Milk analyses Milk fat content was determmed by the Gerber method, 
and total dry matter content by evaporation at approximately 106 ° C 
From the data thus obtained the jiercentage of non-fatty solids m the “fat 
free milk serum” could be calculated (see Bartlett 1933-4), the correction 
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for milk fat content being made m cases where alterations m the amount 
of this constituent rendered this correction desirable Milk phosphatase 
(Phosphomonoesterase m the classification of Folley and Kay, 1936a) 
was determined by the method of King and Armstrong (1934), lactose by 
the method of Blackwood (1934), chlorides by the method of Davies (1932) 
and mtrogen partition by the method descnbed by Moir (1931) 

Blood-sugar estimations In one of the expenments descnbed below 
(Exp 7 ) blood samples were taken at frequent intervals from the jugular 
veins of the cows, for blood-sugar determmations Since, from the nature 
of the exjienments, it was not desirable to have the ammals m a fasting 
condition when blood samples were taken, the samples were withdrawn at 
the same hour (9 45 a m ) each day, at approximately the same time after 
the morning milking and accompanying meal The blood was drawn mto 
cooled, oxalated tubes which were immersed in ice water until deproteiniza- 
tion of the blood sample was effected The protems were always precipitated 
within 20 mmutes of sampling, and the reducing substances in the tungstic 
acid filtrate determined before and after fermentation, by means of 
Somogyi’s reagent 2 (see Peters and Van Slyke 1931) In this way the 
“true” blood-sugar content was dotermmed 

Results 

Stimulation of milk production by a single injection of a crude 
saline extract of anterior pituitary gland 
Two groups of SIX cows (Groups A and B) were used in these expenments, 
two consecutive expenments (Nos 1 and 2) being earned out After a 
preliminary control penod of 10 days aU the cows in Group A were given 
one subcutaneous injection of 15 c c of a crude saline extract (equivalent 
to 6 g of fresh anterior lobe), while at the same time the cows m Group B 
received similar injections of an extract of fresh beef liver prepared in the 
same way as the anterior pituitary extract After an interval of 21 days 
the cows of Group B each received one subcutaneous injection of 30 c c 
of crude saline antenor pituitary extract (equivalent to 10 g of fresh 
gland), wl^le the animals m Group A received equivalent control mjections 
of liver extract The effects resulting from the first injection had subsided 
after about 6 days, so that 10 at least of the remaming 16 days before the 
second injections may safely be taken as a preliminary control jienod for 
that experiment 

Yleld of milk and milk solids The aggregate daily milk yields of both 
groups of cows together with the total amounts of milk fat and non-fatty 
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solids secreted by each group on approximately alternate days are plotted 
m figs 1 (Exp 1) and 2 (Exp 2) 

It will be seen that in both experiments the single injection of extract 
mduced an immediate mcrease in milk yield In the first experiment the 
response reached its peak on the day following the injections, while in the 
second experiment, when double the previous dose was admmistered, the 
peak response came on the second day following the injections In both 
cases the effect subsided rapidly During the control periods the aggregate 
milk yield curves for both groups of cows show the regular decline cha- 
ractenstic of cows in the later stages of lactation Over short penods 
declmmg lactation curves usually approximate to straight lines, so that for 
each experiment an ajjproximate estimate of the milk yields likely to have 
been given by the experimental cows, had they not received the injections 
(hereinafter called the “basal” yields), can bo obtained graphically from 
the straight hne, which fits portions of their lactation curve immediately 
preceding and following the response period Both in figs 1 and 2 the best 
straight line was fitted by the method of least squares to all points on the 
milk jield curve for the pituitary injected cows, save those which were 
judged to fall within the response period Doubtful cases at the end of the 
response penod were included in the latter category This procedure 
enables an approximate quantitative estimate of the extra milk produced 
in response to the injection to be made, and also an estimate of the duration 
of the response to the injections, i e the time which elapses before the 
lactation curve returns to its normal course 

Values for the duration of response, aggregate “basal” milk jneld.and 
mean percentage increase for the whole response period mboth expenraents 
are shown in Table VI 

Table VI 




Duration 

of 

Aggregate 

“basal” 

milk 

Actual 

milk 

Increase 
due to 
injec 

Total 

increaso 
as % of 

Cows 


response 

yield 

yield 

tions 

“basal” 

(group of Bix) 

Injections 

days 

lb 

lb 

lb 

yield 

Group A 
(Exp 1) 

16 c c of crude 
saline extract 

6 

761 

828J 

77i 

10 3 

Group B 
(Exp 2) 

30 0 c of crude 
salmo extract 

6 

787 

878 

01 

11 6 


The results m Table VI show that an injection of 30 c c of extract did 
not stimulate milk yield to a significantly greater degree than an mjection 
of half that amount, which suggests that the response evoked by the lower 
dose 18 the maximum possible under the conditions of these experiments 
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Yield ofMUkFat 



1 



Aggregate yields of milk, milk non fatty solids and milk fat 

■- Group A (covrs receiving mjeotions of saline extract of anterior pitmtary 

gland) 

-Group B (cows receiving injections of saline extract of liver) 

t signifies last observations before mjection 
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- Group A (control cows) 

-Group B (oowa receiving injections of saline extract of antenor pituitary 

gland) 

t signifies the last observations before the injections 
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Milk composition 

Curves are shown in figs 1 and 2 which indicate the aggregate amounts of 
milk fat and milk non-fatty solids secreted by the two groups of cows on 
particular days during the two experiments It is clear that the in]ectionB 



Fio 3 Effect of crude saline extract on percentages of fat and non fatty solids 
m nulk 

- Group A (experimental cows in Experiment 1, control cows in 

Experiment 2) 

-Group B (control cows in Experiment 1, experimental cows in 

Experiment 2) 

Non fatty solids percentages corrected for fat volume 
t (1) signifies the last observations before the injections m Experiment 1 
f (2) sigmfies the last observations before the injections in Experiment 2 

did exert a real stimulus on milk secretion, as distmct from merely causmg 
dilution of the milk, smee the total amounts of fatty and non-fatty solids 
secreted increased as the result of the mjections Fig 3 gives the jiercentage 
contents of both types of milk constituent and shows that the mjection of 
the extracts was followed by a transitory lowermg of the non-fatty solids 
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content of the milk This temporary decrease was not of sufficient magnitude 
to cause a similar drop m the total amount of non-fatty solids produced 
(figs 1 and 2) Since it is probable that the transfer of the water of the mdk 
across the membranes of the mammary gland cells, the synthesis of milk 
fat and the synthesis of the various components (chiefly caseinogen and 
lactose) of the milk non-fatty solids are, to some extent, distinct niecha- 
msms, the temporary depression m non-fatty solids content may be 
explained on the assumption that the response to the injections, of the 
mechanisms govermng water and fat transfer was more rapid than that of 
those regulating the synthesis of all or part of the non fatty fraction of the 
milk solids 

Determinations of the lactose content of the milk of the individual cows, 
which were made at regular intervals dunng Experiment 2 , showed that the 
injections did not cause a decrease in the milk lactose content, on the other 
hand the caseinogen nitiogen showed a distinct drop on the day tollownng 
the mjections 

Though the curves for fat percentage (fig 3 ) are more vanablo than those 
for non-fatty solids, and are therefore more diffiiiilt to interpret, it seems 
that the milk fat content was temporarily increased rather than decreased 
by the injection This lends support to the view resulting from the work 
of Graham (1934a, h) and Folloy and White (1936) on the effect of the 
thyroid gland on lactation, according to which the mechanism regulating 
the secretion of mdk fat is independent of that concerned in the secretion 
of the non-fatty sobds 

The increased rate of milk secretion which temporardy followed the 
mjections was not accompanied by any striking alteration in the level of 
the mdk phosphatase 

Stimulation of lactation by single injecttoni of prolactin and 
thyrotropic preparations 
(o) Prolactin-C and Thyrotropic-C 

For this experiment (Exp 3 ) two groups of three cows were used Each 
cow in one group (Group C) received a subcutaneous injection of 30 c c of 
Prolactm-C, w Inch w as eqmvalent to 10 g fresh antenor lobe tissue, while 
each cow in the second group (Grouji D) had an injection of 30 c c of 
Thyrotropic-C, agam equivalent to 10 g fresh tissue 

Yield of mill and mill solids The curves for daily mdk yield, fat and 
non-fatty solids, are shown m fig 4 In both groups the injections were 
quickly followed by a rise m mdk yield, although the peak response in the 
group receivmg prolactin was attained a day later than m the group 
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Yield o/'MilkFat 




Milk Yield 
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receiving thyrotropic extract As in the previous experiments the duration 
of the response and the aggregate “basal” milk peld over the response 
penod for each group were estimated graphically Data for the duration of 
response in each group and the total mcrease m yield of milk, milk fat and 
non-fatty solids are given in Table VII 



Milk 

Fat 

Non fatty 
solids 

Thyrotropic C 

Duration of response, days 

5 

5 

a 

Exjiected yield, lb 

287 

11 79 

25 84 

Actual yield, lb 

306i 

12 63 

27 37 

Increase, lb 

m 

0 84 

1 63 

Total mcreoBe as % of “basal" yield 

6 7 

7 I 

69 

Prolactin C 

Duration of reaponso, days 

0 

6 

6 

Expected yield, lb 

288i 

11 23 

24 88 

Actual yield, lb 

3171 

12 17 

27 33 

Increase, lb 

281 

0 94 

2 46 

Total mcrooBe as % of “basal” jield 

99 

8 4 

9 9 


These figures mdicate that the response to both extracts lasted for about 
the same length of time, but the effect of the admmistration of Prolactin-C 
on the milk yield was about 26 % greater than that of the Thyrotropic C 
preparation 

Milk composition The value for the jicrcentages of fat and non-fatty 
sohds, the latter corrected for fat volume, are plotted in fig 5 The values 
during the preliminary control period were so variable that it is rather 
difficult to draw conclusions about the effect of the injections on these two 
fractions of the milk solids The injections did not apjiear to be followed by 
any obvious alterations m the fat jiercentage With regard to the curves 
showing alterations in the percentage of milk non fatty sohds it will be no¬ 
ticed that the values for both groups of cows show a parallel decline begmmng 
about 3 days before the injections There is some indication, however, that 
superimposed on this declme is a slight temporary drop in the milk non¬ 
fatty sohds percentage due to the mjections There was no evidence that 
the injections were followed by any significant change in the milk lactose 


Fio 4 Aggregate yields of milk, milk non fatty solids and milk fat 

-Group C (cows receiving injections of Prolactin C) 

-Group D (cows receiving mjections of Thyrotropic C) 

f BigmfleB the last observationa before the mjeotionfl 
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content (curves not given) but nitrogen analyses showed that a temporary 
fall m the milk total nitrogen immediately followed the injections (fig 6) 
From fig 6 it appears that the decrease in milk total nitrogen following the 
injections of the prolactin preparation was mainly due to a decrease in 
caseinogen content, while followmg the injections of the thyrotropic 
fraction the decrease in caseinogen, which was of smaller magnitude than in 
the other case, was accompanied by a decrease m the globulin fraction of 
the milk proteins The changes in milk phosphatase content during the 
exjienmental period were insignificant 

(b) Thyrotropic C preparation containing added posterior-lobe extract 

Although the Thyrotropic-C preparation from fresh gland substantially 
mcreased the milk secretion of lactatingcows, the Thyrotropic 1 preparation 



5 10 


Days 

Fio 5 Percentages of fat and non fatty solids in milk 

- Group C (cows given injections of Prolactin C) 

-Group D (cows given injections of Thyrotropic C) 

Non fatty solids percentage corrected for fat volume 
t signifies the last observations before the injections 
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from commercial dried gland had, as wiU be shown below, no effect at all 
when administered m approximately eqmvalent amount, and much less 
effect m larger doses As an important difference between these two 
thyrotropic preparations was the fact that Thyrotropic 1 possessed sub- 




- Group C (cows receiving injections of Prolactin C) 

-Group D (cows receiving injections of Thyrotropic C) 
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atantial oxytocic activity while Thyrotropic C possessed virtually none, it 
seemed necessary to determme whether or not the addition of posterior 
lobe extract to the Thyrotropio-C preparation would inhibit its lactogemc 
activity Accordmgly an experiment (Exp 4 ) was carried out in which 
three cows m one group (E) each received a single injection of 30 c c of 
Thyrotropic-C as before, while those of another similar group (F) received a 
similar amount of Thyrotropic-C preparation to which had been added 
2 c c of a postenor lobe extract containing approximately 125 mter- 
national units of oxytocic activity 

The experimental procedure was, in general, similar to that adopted in 
Exp 3 



Days 

Fio 7 Aggregate milk yields 

•-• Group E (cows reoeivmg mjeotiona of Thyrotropic C) 

O-O Group F (cows receivmg mjections of Thyrotropic C +posterior 

lobe extract) 

signifies the last observations before the injections 
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The mean daily milk yields for both groups are plotted m fig 7 from 
which it 18 evident that the lactogenic effect of single injections of Thyro- 
tropic-C 18 not inhibited by the presence of posterior lobe extract 

(c) Thyrotropic 1 preparation 

For this experiment (Exp 6) two groups of three cows were used 
After the usual prelimmary control period each cow of Group G received 
one mjection of 260 mg of Thyrotropic 1 dissolved in 10 c c water, while 
at the same time each cow of Group H was given an injection of 600 mg in 
the same volume of water Reference to Table II will show that on the 
basis of the Rowlands and Parkes (1934) method of assay of thyrotropic 
activity, 260 mg of Thyrotropic 1 preparation is defimtely more active 
than 30 c c of Thyrotropic-C Curves showing for each group the total 
daily milk yield, total daily yield of milk non-fatty sohds and percentages 
of fat and non-fatty sohds m each day’s milk are given m fag 8 Injection 
of the higher dose of Thyrotropic 1 was followed by a slight increase in 
milk yield, a nse in the daily production of milk non fatty sohds and a 
staking increase in the concentration ot the latter in the milk The mdk 
lactose content underwent no staking alterations as a result of the mjec- 
tions at either dosage (curves not given) The fat percentage was rather 
variable and the injections caused no obvious changes during the peaod of 
observations The curves for the cows on the lower dosage show very 
slight indications of similar changes but in no taso could the effect be 
considered signifacant In the case of the turves showing the changes in the 
yield of milk and milk non-fatty sohds duo to the injection of 500 mg , the 
basal yield and the percentage increases due to the treatment were esti¬ 
mated as in previous cases from lines of best fit, which are shown m fig 8 
The values so obtained are given m Table VIII 

Tablf VIII 

Duration 

of Expoctod Actual 

rosjionse j lold t lold 

da>8 lb lb 

Yield of mdk 4 304 315i 

Yield of milk non fatty solids 4 27 64 28 89 


Total 
increase 
as % of 
Increase ‘ ‘ basal ’ ’ 
lb yield 
Hi 3 7 

1 36 4 9 


A companson of these results with those in Table VII shows that the 
lactogemc activities of Thyrotropic 1 and Thyrotropic-C are by no means 
proportional to their respective thyrotropic activities, assayed by ability 
to increase the weight of the thyroid gland (Table II), since a smgle dose 
of Thyrotropic 1, more than equal in thyrotropic activity to 30 c c 
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Thyrotropic-C, showed no significant lactogenic activity, while double that 
dose evoked a distinctly smaller lactogenic response than that following an 
injection of 30 c c of Thyrotropic-(l This point will be discussed below 
{d) Prolactin 1 preparation 

Each of three cows received a subcutaneous injection of 200 mg of 
Prolactin 1 preparation dissolved in 30 c c water containing NaOH-NaCl 
at pH H 0 (Exp 6) The pigeon croji stimulatmg activity of this dose was 
about twice that of 10 c c of Prolactm-C 

The curves for milk yield, fat jicrcentage and milk non-fatty solids 
percentage which are plotted in fig 9 show that the single injection of 
200 mg of Prolactin 1 caused no stimulation of milk secretion, nor any 
sigmficant alteration in milk composition The milk lactose content re¬ 
mained practically constant during the cxjicriment (cuives not given) 
The result of this expeiiment is in (ontrast to that of Exp 3, in which a 
single dose of Prolactin C containing about lialf the crop stimulating 
activity present in 200 mg of Prolactin 1 caused a marked stimulation of 
milk secretion 

Stimulation of lactatum by repeated injections of Prolactin 
prejHirations 1 and 2 

Two exjienments (7 and 8) come under this category, each involving two 
cows, one experimental and one control The considerable expense asso¬ 
ciated with the preparation of purified prolactm prevented the use of 
groups of cows for these experiments One cow was given fifteen daily 
subcutaneous injections of 1 g of Prolactin 1 dissolved in 60 c c NaOH- 
NaCl at pH 8 0 The control animal received similar injections of distilled 
water Another cow rec*eived seven daily subcutaneous injections of 0 6 g 
of Prolactin 2 in 60 c c NaOH-NaCI at pH 8 0 On the eighth day the daily 
doseof Prolactin 2 was increased to 0 76 g dissolved in 76 c c ofNaOH-Na(U 
at pH 8 0 and the injections continued thus for a total of 6 days Control 
injections of distilled water were given simultaneously to another cow 
Milk yield Mean daily milk yields over successive 3-day penods for 
each cow are plotted m fig 10 In both cases the injections caused an 

Flo 8 Aggregate yields of rnilk and non fatty solids and percentages of fat and 
non fatty solids m milk 

•-• Group G (cows leceiving injections of 260 ing Thyrotropic 1 

preparation) 

O-O Group H (cows receiving injections of 600 mg Thyrotropic 1 

preparation) 

t signifies the last observations before the injections 


Vol CXXVI 



66 


S J Folley and F G Young 

increase m milk yield In the first experiment (No 7) it is seen that through¬ 
out the injection period the milk yield of the exjienmental cow rose steadily 
to a peak which was reached soon after the injections ceased It is seen 
from fig 10 that the response lasted for at least a month after the cessation 


Per Cent Fat in Milk 




Iio 9 Yields of milk and percentages of fat €uid non fatty solids in imlk relating 
to a group of 3 cows each receiving a single injection of Prolactin 1 
t signifies the last observations before the injections 
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of injections, probably much longer, and it seems that injections of 
Prolactin 1 had the effect of raising the lactation curve to a level higher 
than normal, from which the usual decline set in at about the normal rate 
In Exp 8 (Prolactin 2) the daily dose of prolactin was less and the 
increase in milk yield above “basal” was not so marked, and disappeared 
within 3-4 days of the cessation of the injections (fig 10) 

Milk compo'iition Curves showing values for milk fat and non-fatty 
solids contents for Exps 7 and 8 are shown in fig 11 There was no fall in 
the level of either type of milk constituent, nor was there a rise in milk fat 
content, though there is some evidem e that treatment with prolactin at the 
higher level of dosage increased the non fatty solids content of the milk 




Flo 10 Effect of repeated injections of prolactin on milk >icld 

O-O tow receiving Prolactin 1 

O-O Control cow 

• -• f ow receiving Prolactin 2 

• -• Control cow 

Each point represents mean milk yield over a 3 day period 

t signifies the last observations before the commencement of dailv 
injections 

I Bigniflos the lost observations before the cessation of daily 
injections 
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The curves showing variations in milk lactose and chlorides m Exps 7 
and 8 (fig 12 ) are of great mterest, since in both experiments the lactose 
content of the milk of the experimental ammal increased during the 
mjection period, the controls showing no such effect Variations m the 
concentration of milk lactose are usually aocompamed by reverse variations 
in the chloride content (Mathieu and Ferre 1914 ), and in both expenments 
the milk showed a decrease in chloride content dunng the injection penod 
No significant alterations in the milk phosphatase level durmg the injection 
jienod were observed in either expenment (curves not given) 



Fio 11 Mean concentration of fat and non fatty solids over 3 day periods 111 milks 
of cows receiving daily injections of Prolactin 1 

O-O Cow receiving Prolactin 1 

•—• Control cow 

t signifies the last observations before the commencement of daily 
injections 

I signifies the last observations before the cessation of daily 
injections 

A Two day period (sample lost) B Two day period 
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Blood sugar The results of true blood-sugar determinations earned out 
dunng Exp 7 indicated that there was no significant alteration m the 
blood-sugar level dunng the injection penod 


Discussion 


The results of our expenments with a crude sahne extract of fresh 
anterior lobe tissue are in general agrooraent with those of Azimov and 
Krouze ( 1937 ) who used an alkaline extract of antenor pituitary gland It 



O-O Cbw receiving Prolactin 1 

O-O Control cow 

• -• Cow receiving Prolactin 2 

• -• Control cow 

t signifies the last observations before the commencement of daily 
injections 

4. sigmfles the last observations before the cessation of daily 
injections 
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seems quite clearly demonstrated that a single injection of such crude 
extracts into cows m the declining phase of the lactation cycle can cause 
a substantial but temporary increase in milk volume It should be men¬ 
tioned that in some instances the subcutaneous administration of our 
crude saline extract causeii lumps to develop at the site qf injection These 
did not seem to be painful, however, and usually disappeared within a week 
without treatment None of the other pituitary preparations used in the 
present investigations caused any obvious reaction at the site of injection 
In our expenments a single injection of crude extract equivalent to 6 g of 
fresh anterior lobe appeared to exert a maximal elfect on lactation, smce 
the mjection of double that amount of extract had no greater effect 

Our results differ m one point of detail from those of Azimov and Krouze 
The Russian workers found that the administration of their extract caused 
no observable alteration m milk composition, while we found that a 
temporary slight fall m the nitrogenous non-fatty solids frequently followed 
the administration of the crude extract 

The Thyrotropic-C and Prolactm-C preparations exerted similar effects, 
causing a substantial temporary imroase in milk volume This result is 
particularly interestuig as the Thyrotropic-C jireparation contamed no 
detectable amount of the substance that stimulates growth of the pigeon 
crop-gland (prolactin), which suggests that anterior lobe hormones other 
than prolactin possess the power of stimulating milk secretion m cows in 
declining lactation This conclusion receives strong support from the result 
of the experiment in which a single injection of Prolactm 1 failed to influence 
the milk volume, although the amount of this preparation used possessed 
twice the pigeon crop-gland stimulating activity of that dose of Prolactin-C 
which had previously been found, in similar conditions, to exert a marked 
lactogenic effei t 

Tlie daily administration of a large dose of Prolactin 1 to a cow (Exp 7) 
induced a substantial and prolonged increase in the milk yield, the lactose 
content being shghtly raised, although the blood-sugar level was not 
affected This type of treatment may have exerted a more lasting effect on 
the mammary gland than the transitory effects which have been found to 
result from single injections of the pituitary prejiarations The latter type 
of effect 18 such as would follow a temporary improvement of the supply of 
the milk precursors which are brought to the mammary gland in the blood, 
while the former seems to be associated with a permanent (i e permanent 
as far as the lactation in question is concerned) improvement m the 
functional efficiency of the mammary gland It is probable that the normal 
decline m the rate of milk secretion is due, partially at any rate, to the 
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gradual involution of the lobule-alveolar system of the mammary gland 
and there is a possibihty that repeated injections of the prolactm prepara¬ 
tion induced a partial regeneration of the involuted tissue If this were 
true, it should be possible by such treatment greatly to increase the lacta¬ 
tion period of non-pregnant cows Obviously, further work on this im¬ 
portant aspect of the problem is desirable and such is contemplated It may 
be mentioned that the daily administration of a prolactin preparation of 
the type of Prolactm I can induce a copious and prolonged secretion of 
milk in rabbits (cf Young 1938c), the comjiosition of the milk being normal 
for this ammal (Folley and Young, unpublished data) 


Table IX Summary of the biolooical properties of the 

EXTRACTS USED IN THE PRESENT INVESTIGATION 


Startmg matorml 

Extra* t 

Pigeon 
crop gland 
stimulating 
activity 

Lactogoiuc 

activity 

(single 

injection) 

Glyco 

tropic 

activity 

Diobeto 

gemo 

activity 

Thyro. 

tropic 

activity 

Fresh ox anterior 

CYude saluio 

+ -(- + 

+ -F + 

-F-F-F 

■F + -F 

-F-F + 

lobe 

extract 

Prolo* tin f 

-F + 

-F -F -F 

-F -F -F 

tl 

Trace 


Thyrotropic L 

0 

-F + 

+ + 

+ -F 

-t + + 

Commercial dried 

Proleuitm 1 

+ + 

0T‘ 

■F 

0 

0 

ox anterior lobe 

Tlivrotropu 1 

0 

-F 

+ ? 

0 

+ -F 

• No effect when t 

1 single inject lor 

1 was given 

Substantial effect whi 

-11 daily injections of 


large dose were given over a period 

Table IXf gives a summary of the biological properties of the different 
preparations used in the jirt sent investigation It is clear that the pigeon 
crop-gland stimulating activities of these extracts do not parallel their 
lactogenic activities on cows in declining lactation On the other hand, 
there does seem to be a surprisingly close parallelism between the lacto¬ 
genic activities of these extracts and their glycotropic activities (see 
Table X) We are not justified, on this basis, m assuming that the glyco¬ 
tropic factor 18 a “lactation hormone”, since the mechanism by which 
antenor pituitary extracts increase the rate of milk secretion must remam, 
at the present time, largely a matter of speculation Lactation is a complex 
physiological phenomenon governed by many factors, any one of which 
may be a limiting one in a particular case There is considerable evidence 

t In this the degroo of activity w incbcated by plus signs, one for some activity, 
two for a moderate activity and three for high activity 
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that the lactating mammary gland absorbs large amounts of sugar from 
the blood (see Blackwood and Stirling 1932, Lintzel 1934 Graham, Jones 
and Kay 1936, Graham 1937) which it may partly transform mto lactose 
(see, for example. Grant 1935) and partly metabolize There is good reason 
for the belief that the blood-sugar level may be one of the limitmg factors 
m lactation (see Graham, Jones and Kay 1936), a fall of blood sugar tending 
to decrease milk-secretion (Gowen and Tobey 1931a, 6) As the action 
of the glycotropic factor antagonizes any tendency to hypoglycaemia 
(Young 19366) the injection of a pituitary preparation possessmg glyco¬ 
tropic activity might be expected to exert a favourable influence on lacta¬ 
tion by protecting the blood-sugar level against the large demands made 

Table X Comparison of the glycotropic activities and lactogenio 
ACTIVITIES, AS ASSESSED BY THE EFSULTS OF SINGLE INJECTIONS INTO 
COWS IN DECLINING LACTATION, OF THE EXTRACTS USED IN THIS 
INVESTIGATION 


Extract 

Number of 
grams of fresh 
tissue equi 
valent to the 
doso extract 
given in single 
injection 

Increase in 
milk yield 
as % of 
“basal” yield 

Amount of extract required to 
abolish or nearly to abolish 
the hyjxiglycaomio action of 
insulin in the noniial rabbit 
under the conditions 
described 

Crude saline 

5 

10 3 

4cc 

Crude saline 

10 

11 6 

4ce 

Prolactin C 

10 

90 

0 c c 

Thyrotropic C 

10 

07 

9 c e 

Thyrotropic 1 

206 

37 

160-200 mg (?)• 

Prolactm 1 

16 

00 

See Table III 

100 mg 


ujion it by the lactating mammary gland There is therefore no difficulty 
m assuming that, in the cow m declining lactation, the glycotropic factor 
of the anterior pituitary lobe might constitute one of the limiting factors 
controlling the amount of milk secreted 

It seems that at present there is no satisfactory evidence that the 
pituitary gland secretes a single ‘ lactation hormone” “Prolactm” (the 
anterior pituitary substance which stimulates growth of the pigeon crop- 
gland) 18 certainly not the only lactogenic substance in the hypophysis It 
therefore seems to us that use of the term “prolactin” should be confined 
to descnbmg the antenor lobe substance charactenzed by capacity to 
promote growth of the pigeon crop-gland, without prejudice as to whether 
or not It 18 also necessanly lactogenic Those extracts which stimulate the 
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secretion of normal milk m the mammal should be described as contammg a 
lactogenic substance or substances 

The relative lactogenic potencies of the two thyrotropic preparations 
(Th5n’otropic 1 and Th5n‘otropic-C) were very different from their respective 
thyrotropic activities and it seemed more probable that the lactogenic 
firoporties of these extracts were correlated with their respective contents 
of glycotropic factor than with their thyrotropic activities It is, however, 
possible that the lactogenic effect of these two thyrotropic extracts was 
indeed partly due to their ability to stimulate the secretion of thyroid 
hormone, although the method of assay of thyrotropic activity, employing 
the growth of the gumea-pig thyroid gland, is an unsatisfactory criterion 
of the power of an extract to piomotc the secretion of the thyioid hormone 
(see Heyl and Laqueur 1935) At present no definite conclusion can be 
drawn upon this point 

The extra milk secreted under the influence of the pituitary extracts was 
of normal com{)08ition The slight rise m milk-fat and lactose content, and 
the slight fall in content of nitrogenous non fatty solids, which oicurred in 
some mstances, probably fall within the limits of normal variation in milk 
composition The comparatively insignificant nature of the alterations in 
the milk phosphatase content observed throughout these experiments is 
somewhat surprising in view of previous findings which showed that 
natural and experimental alterations in the functional efficiency of the 
mammary gland are accompanied by significant changes in the milk 
phosphatase content (see FoUey and White 1936 Folley and Kay 1936ft, 
Folley 1936) No explanation for this can be offered at present 

In conclusion it is perhaps not out of place, in addition to emphasizing 
the possible cluneal importance of the experimental stimulation of milk 
yield by the administration of pituitary extrac ts, briefly to consider the 
financial aspects of the problem as applied to dairy farming Azimov and 
Krouze (1937) stated that their experiments resulted m a financial profit 
The cost of the siiecially frozen ox jiituitary glands, used in our exjieiimenta 
to prepare 16 c c of the crude saline extract, or alternatively 16 c c each 
of Prolactin-C and Thyrotropic C, was 1 s M The extra milk secreted under 
the mfluenco of the injection of 16 c c of the crude saline extract into each 
of SIX cows could be sold for approximately 12» , which is about 33 % more 
than the cost of the glands used It is possible to obtain frozen ox jutuitary 
glands which have been less carefully treated for considerably less than the 
price of the glands we used It might be possible to devise a method for 
preparing an extract aiiproximately equivalent to our Thyrotropic-C, 
which would require comparatively little labour, of a relatively unskilled 
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type, making use of a cream-separator as a centrifuge If results com¬ 
parable with ours were obtained under these conditions, the possibility 
that such methods might be employed by farmers, particularly in times of 
food shortage, would ment serious consideration 

Wo are greatly indebted to Professor R Rae and Mr K W D Campbell 
of the University of Roadmg Farm, Sonnmg, for their co-operation, and to 
Mr J Mackmtosh for access to and management of the Shinfield cows We 
also wish to thank Dr I W Rowlands for a number of prolactin and 
thyrotropic assays, and Dr W L Davies for determinations of milk nitrogen 
partition 

Summary 

1 The possibility of increasing the milk yield of lactating cows in 
declining lactation by single injections of the following ox antenor pituitary 
extracts has been investigated a crude saline extract of fresh gland, 
prolactin and thyrotropic fractions prepared at low temperature from fresh 
gland, prolactin and thyrotropic fractions prepared at room temperature 
from commercial, acetone-desiccated antenor lobe tissue The chief 
difference between the preparations obtained at low temperature from the 
fresh gland and those prepared at normal temperature from the dned tissue 
IS that the former possess much greater glyeotropic (anti-insulin) activity 
than do the latter 

2 Single injections of the crude saline extract, and of the prolactin and 
thyrotropic preparations obtained from fresh gland resulted, in each case, 
in a substantial increase m the milk yield for 6 or 6 days Only slight 
changes were found in the composition of the milk 

3 A smgle injection of prolactin prepared from dried gland administered 
in a dose equivalent, as regards crop-gland stimulation, to the dose of 
prolactin from the fresh gland, had no effect on the milk volume or compo¬ 
sition Likewise a single injection of a dose of the thyrotropic fraction 
prepared from dried gland, more than equivalent to the dose previously 
used of the thyrotropic fraction from fresh gland as regards ability to cause 
enlargement of the thyroid gland, had no effect on the milk volume or 
composition, though double that dose did cause a temporary mcrease m 
milk yield accompanied by an increase in the milk non-fatty solids content 

4 The daily injection of very large doses of prolactin prepared from 
dried gland resulted in a substantial and prolonged mcrease m milk volume, 
with a rise in milk lactose content accompamed by a fall m the milk 
chlorides 
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5 The thyrotropic preparation from fresh gland, although lactogenic m 
the lactating cow, possessed no detectable pigeon crop-gland stimulatmg 
activity The prolactm preparation from dned gland, although possessing 
substantial pigeon crop-gland stimulating activity, failed to exhibit lacto¬ 
genic activity when a single dose was injected into a lactating cow The 
relative lactogenic activities of the extracts used are paralleled, not by 
their activities in causing stimulation of the pigeon crop gland, but rather 
by their relative glycotropic activities 

6 There seems to be no satisfactory evidence that a single “lactation 
hormone” is secreted by the anterior pituitary gland, and it is suggested 
that use of this term should be discontinued 
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Selective neutralization of the luteinizing activity of 
gonadotrophic extracts of pituitary by anti-scra 

By I W Rowlands 

National Institute for Medical Research, NWS 
{Communicated by A S Parkes, FR S —Received 16 May 1938) 

[Plates 1-3] 

Gronadotrophio extracts from different sources vary greatly m their 
relative capacity to cause folhcular stunulation, ovulation and luteini- 
zation in the ovaries of the immature rat Thus the effectiveness of crude 
extracts of antenor pituitary depends largely on the species of animal from 
which the pituitaries are obtamed (Hill 1934) Extracts of horse pituitary 
cause great activity in the immature ovaries, leadmg to the production of 
abundant large follicles and corpora lutea with or without ovulation 
Extracts of sheep and pig pituitanes are much less effective, while extracts 
of ox pituitary show little activity when tested on the immature rat 
Extracts from urine of pregnancy cause some growth of the folhcles, which 
tend to become heavily luteinized, but those of urine from women after 
the menopause and from ovaneotomized women show greater follicle- 
stimulatmg properties (Zondek 1930) 

The differences between these various types of extract are accentuated 
when the test ammal is hypophysectomized Pituitary extracts usually 
produce similar effects m the ovaries of normal and hypophysectomized 
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rats (Smith 1930), extracts of unne of pregnancy cause extensive lutemi- 
zation of the interstitial and thecal tissue but no follicular development m 
the ovanes of hypophysectomized rats (Selye, Colhp and Thomson 1933, 
Leonard and Smith 1934) On the other hand, extracts of urme from 
women after the menopause produce follicle stimulation without luteim- 
zation (Leonard and Smith 1933, Tyndale and Levm 1937) These differ¬ 
ences m the qualitative activity of gonadotrophic extracts are most easily 
explamed by assummg that two gonadotrophic hormones occur m the 
pituitary, one causmg growth and maturation of the follicle (follicle- 
stimulating hormone- r s h ) and the other lutemization (lutemizing hor¬ 
mone—L 11), and that they occur in different proportions m extracts from 
different sources A separation of these two substances from a crude 
pyridine extract of sheep pituitary was reported by f’evold, Hisaw and 
],eonard (1931), who maile use of the fact that the two hormones were not 
equally soluble in water They have since (Fevold and Hisaw 1934, Fevold 
1937) recorded modifications of technique and given details of results 
Consideration of the pituitarj gonadotrophic complex is complicated by 
evidence which suggests the presence of antagonistic, synergistic and 
interstitial cell stimulating substances (Evans and others 1936) which have 
to be considered in relation to the biological properties of anti gonado¬ 
trophic sera (see Rowlands 1938, for instance) 

Since extracts from different sources differ qualitatively it is likely that 
the anti-gonadotrophic sera raised against them will also differ qualitatively, 
quite apart from any immunological species specificity Thus an extract 
predominantly containuig k s 11 might be expected to evoke an anti serum 
which would mainly mhibit follicle stimulation, while an extract with an 
excess of L H would produce one having a greater anti-lutemizing action 
The reaction between any particular extract and anti-serum would then 
depend on the relative amounts of F s 11 and n h in the extract and anti- 
F s H and anti-L h m the anti serum Thus it should be possible by com- 
bmation of appropriate extract and anti serum to neutralize completely 
either the f s 11 or the l h leaving most of the other free, thereby con¬ 
siderably altering the quahtative activity of the extract Since extracts 
of horse pituitary seem to contain much F x ii and relatively httle L H , 
whereas extracts of ox pituitary seem to contain relatively much l h and 
little F s H , a promismg combination to produce a preparation with purely 
folhcle-stimulatmg properties would seem to be horse pituitary extract 
plus anti serum to ox pituitary A previous attempt (Rowlands 1937) to 
achieve a differential neutrahzation of the lutemizing effect by such 
a combmation was unsuccessful Complete neutrahzation of the L H 
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required an amount of anti-serum sufficient to neutralize nearly all the 
F s H 

More recent work has made it possible to obtam, under certain apparently 
reproducible (onditions, anti-sera to ox pituitary extracts which will 
neutralize the power of horse pituitary extrac ts to luteinize the membrana 
granulosa, but which leave m active form the greater part, if not all, of the 
follicle stimulating activity 


Mfthods 

Preparation of extra.ct^ Two gonadotrophic extracts of horse pituitary 
were used 

(1) Pituitary glands from mares and geldings were desiccated in acetone, 
ground and kept for 12 hr at 0’C with 15 vol of iV^/20 NaOH The 
mixture was neutralized and centrifuged, and the supernatant extract 
precipitated with 5 vol alcohol and 1 vol ether H’he residue was twice re- 
extracted by the same procedure The three extracts were mixed, a total 
of 6 75 g of dry powder {AP2B) being obtained from 14 2 g of desiccated 
gland 

(2) 63 g of acetone-dnod geldmg pitiutanes were extracted with 10 vol 
of water at pH 8 The residue was re extracted with a similar volume at 
pH 10, and again with 10 vol of iV/30 NaOH The combined extracts were 
precipitated by the addition of 6 vol of alcohol, and the precipitate 
collected and dried (AP 70 B) 17 6 g of extract were obtained 

The activity of those extracts is shown m Table I 

Production of anti-sera (1) A group of rabbits (ATH 23-69) was mjected 
daily with 25 mg of a pyridine extract of ox pituitary, as described by 
Rowlands and Parkes (1936), and bled from the carotid artery under ether 
anaesthesia after a iieriod of about 5 months The serum was fractionated 
(Hanngton and Rowlands 1937, Exp 6) and the globulin obtained as a 
white soluble powder, of which 34 mg represented 1 c c of original serum 
(Serum Prep 6) 

(3) Another batch of ten rabbits (ATH 104-113) was injected daily 
with a similar extract untd bled after a period of 3 months The serum 
was obtained in the usual way No attempt was made to fractionate this 
serum (8orum A) 

Biological tects The horse pituitary extracts were tested by them abihty 
to stimulate ovarian enlargement in the immature rat weighing 40-46 g 
In untreated rats of this body weight the ovanes weigh 10-12 mg and the 
uterus 26-30 mg Groups of hve to ten rats were mjected once daily for 
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5 days and killed 24 hr after the last injection The ovanes and uterus were 
dissected and fixed overnight m Bourns fluid After immersion m 70% 
alcohol they were weighed on a torsion balance 

Table I The effects of anti-sera to gonadotrophic extracts of ox 

PITUITARY IN NKUTRAiaZINO THE LUTEINIZING ACTIVITY OF EXTRACT 
OF HORSE PITUITARY 

Proportion of 

Fxtract S« rum Woigtit of rats showing 

Amount Amount Ovanos Icterus ofmombrana 

Dostriiilion mg Description ct mg mg granulosa 

AP2B 10 - - 74 69 10/10 

Prep 6 =2 50 72 115 0/10 

.Serum A 2 50 67 119 0/6 

AP 70 M 2 5 — 64 66 5/6 

Normal I 26 68 88 4/5 

„ 2 50 76 78 6/5 

„ 6 00 76 71 6/6 

biruni A 0 60 73 70 6/6 

, 1 00 87 82 2/5 

. 1 25 46 110 0/10 

„ 1 50 24 105 0/10 

2 00 20 98 0/10 

, 3 00 15 89 0/6 

6 00 11 52 0/6 

Serial sections of both ovanes of all rats were cut at 10^ and stamed in 
Meyer’s haemalum and eosin Lipschutz (1934) has described a method of 
estimatmg the amount of luteimzation taking place, but it is not very 
convenient for large scale work In evaluatmg the results recorded below 
the proportion of animals m a group showing any lutemization of the 
membrana granulosa has been taken as an index of the degree of luteim¬ 
zation, and the jiercentage showing no luteimzation as the index of pure 
follicle stimulation 

Results 

The various results obtained are given in Tables I and II 
(a) Extract AP2B given alone A total dose of 10 mg of the extract 
AP2B mjected into a group of ten immature rats produced an average 
ovanan weight of 74 mg , each ovary containing large numbers of corpora 
lutea (fig 1, Plate 1) The average weight of the uten was 09 mg , they 
were in the condition seen during the luteal phase of the oestrous cycle 
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(6) ‘Extract AP 2 B inth serum Prep 6 The simultaneouB mjeotion of mj 
equivalent of 2 6 c c of the ox pituitary anti-eerum (Prep 6) with 10 mg 
of extract AP2B did not significantly alter the ovarian weight response 
resulting from the mjeotion of the same amount of extract alone But 
macrosoopically and histologically (see fig 2, Plate 1), however, the 
response of the ovary was completely changed No corpora lutea were 
present, the ovaries contamed only numerous follicles m various stages of 
maturation, many bemg fully developed No lutemization of the membrana 
granulosa had occurred The uten were very large and distended with 
flmd such as occurs at oestrus m the normal animal, their weight was 
nearly twice as great as that of the uten of the control animals reoeivmg 
only the extract 

(c) Extract AP 2 B with serum A When 10 mg of the extract were given 
m conjunction with 2 5 c c of serum A a similar inhibition of the lutemizing 
action of the extract was produced The average weight of ovary was 
somewhat less than m the control group, but histologically, all the ovanes 
contamed large unruptured follicles (fig 3, Plate 1) The uten, as before, 
were greatly distended with flmd 

(d) Extract AP 70 B given alone A dose/response curve was constructed 
for this extract given alone (fig 9, Table II) On the basis of ovanan 
enlargement the extract is nearly four times as active per mg as AP2B, 
a total dose of 2 5 mg givmg an average ovary weight of 54 mg These 
ovanes all contamed corpora lutea (fig 4, Plate 2) Smaller or larger 
doses than this show a typical dose/response relation From the present 
standpomt it is important to notice that the dose has to be lowered to a 
point where the ovanan weight is only 29 mg before the number of 
animals showing lutemization is decreased 

A large quantity of the extract was available and it was possible to 
carry out detailed expenments 

(e) Extract AP 70 B with normal serum An investigation was first made 
of the effect of giving different amounts of normal rabbit serum with a 
constant dose (2 5 mg ) of the extract (fig 10) No effect was observed 
except slight augmentation m ovary weight due probably to alteration 
of the conditions of the absorption of the extract by the simultaneous 
introduction of a large amount of foreign protein Lutemization (fig 6, 
Plate 2) occurred in the ovanes of all the rats except one, which received 
1 26 c c of normal serum, and which showed a particularly poor degree of 
ovanan stimulation 

(/) Extract AP 10 B with serum A Very different results were obtamed 
with this oombmation (fig 11) The administration of a total of 0 6 o o of 
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serum A with 2 6 mg of the extract caused an augmentation m the effect 
on the weight of the ovaries A total of 1 0 c o of serum A gave a similar 
but more marked result This augmentation is greater than that produced 
by similar amounts of normal serum and is probably duo to the same 
causes as those previously described (Rowlands 19^8) in connexion with 
anti-sera to sheep and pig pituitary extracts Abundant corpora lutea 
were found in each of the rats receiving 0 6 c c of serum A in addition to 
the 2 5 mg AP70B, and the uten were of the luteal type In those 
receiving 1 0 < c of the serum however, differential neutralization of the 



Amount of txlrwt AP70H(mt? ) 

>10 9 Doie'rosjionHp curso for tffcct of horse pituiUiry txtiact AP70B, on im 
maturo femah lats x ()viir> woiglit ■Ut<ru8 w< ight Q Porccntago ot rats 
showing no liitmin/ation 

L H had begun and in spite of the largo si/e of the ovanes, only two of 
the hve showed luteinization of the nictiibrana granulosa The injection 
ot 1 25 c c ot serum A with 2 5 mg of AP70B caused a slight decrease in 
the ovarian weight response compared with that produced by the extract 
alone, but lutemi/ation of the iiiembratia granulosa was uimpletely in¬ 
hibited in all the rats (hg fi, Plate 2) Numerous follicles of various sizes, 
many mature, were present The theta interna m some of the large tolhcles 
was slightly thicker than is usual at oestrus This was due to a slight 
increase in the size of the individual colls, which occasionally appeared 
to be slightly luteinized The uten in this group were oxtiemely distended 
(fig 8, Plate 3) and showed maximal oestrous stimulation 
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Increast m tlie amount of serum led to progressive dee tease in the 
ovarian weight itsponse tei 2 3 mg AF7UB, ami to dee irmse in the number 
and size of flu iollie les picsent No corpora lutea or luteuii/ation of the 
niLinlmina gianulosa were present m any of the rats receiving nioie than 
a total of ] 0 e c of seium 'I'ho amount of anti seium reejiiireel to inhibit 
compktely tlio weight meriasc m the ovai\ is about hmi times that 
reepiired to effect the maximum epialitative modifieation m the lesponse 
le about 3( c Even with this high dose of serum, enlargement of the 
uteri oeeiirs indicating stimulation of the cndocimc actiMt;y of the o\aiy 
after the weight response is inhibited Mieioscopie examination showeel 
that 111 all these ov aiies one oi two large follie les weie preesent which wcie 
appaieiitly insuffieicnt to eause my elcteetable inctease in eivarian weight 
Comparison of figs '* ami 11 slmws eh limtelv fhat the i ffect proeluenl 
by the simultaneous aelmiiustiation of 2 3 mg of Al’TOll and 1 2") e e of 
seium \ is not similar to that jirodueeel by giving smallei eloses of AJ*7()B 
alone ami is not due tlureloie nieul\ to the jiaitid ejuantitatne neutia 
lizatiori of the extiaet by the seium 

(y) Vonfi/Ksfionsf nlfHion for the optinniiii ronihiiialioii oj APlOH and 
ienitn 1 '1 he eombinatioii of cxtiact ami seium wliieli conijiletely altered 
the epialitative nature of the lespoiise without appniiablv leehieing the 
imrease in the lesultmg wmght of the ovaiv was 2 ling })liis I 2')( e 
seium, or2 mg eif extiae t to I e e of serum This partieulai pioiioition was 
fheiefore eonsuleicd optimal ami an dte mpt was made to e xamme the 
(iTcct of vaiying the total amount given kee pmg the iiiopeiition eonstant 
The risnlts aie shown in Table 11 in eompaiison with those obtained foi 
eoiiesponding amounts of Vl‘70i{ done 

When small amounts of seium ami extraet (1 21 mg +()(»21( e ) were 
given, the response nieasureel by weight ol ovaiy, w is gieatei than that 
given by the gienip reeeiving the same amount ol extraet alone llisto- 
logicallv, the ovaries weie fouml to eontam onlv mature tolheles lutenm 
zation having been inliibifcd 'I he injection of four times this amount of 
both seium anel cxtiait howevei eaiised the pioeluetion ol very laige 
ovaries w'hieli were ehaiaeteii/ed by folhculai stimulation to a miieh 
greater e xtent than those of the leits leeciving 1 (I mg of extr le t alone In 
four of the five lats, liowcver seveial of the largo follicles showed some 
luteinizaticm of the membrana granuleisa and the luteinizatioii index has 
theiefoie to be give n as 4/1 though this does not rtfleet the extent of the 
effect eit the scrum at this elose level Some luteim/atnm of the theca 
interna, anil ol the iiiteistitial tissue had oeeuiied in all tlm rats leceivuig 
5 mg of extract anel 2 1 e c of seium 
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The uten of the rats receiving 1 26 or 2 6 mg of extract plus serum 
showed full oestrous distension, but not m those receivmg 6 0 mg plus 
serum, a result easily correlated with the histological findmgs m the ovary 

Table II The effect of different amounts of fxtraot AP 70 B and 

SERUM A IN A CONSTANT RATIO, ON THE QUANTITATIVE AND QUALI¬ 
TATIVE RESPONSE IN THE RAT OVARY 

Weight of Proportion of rats 

Aniount ,-showing luteinization 

of serum Ovaiy Uterus of membrana 

c c mg mg granulosa 

— 2 ft 80 4/6 

0 626 46 137 0/6 

— 64 65 6/6 

1 260 46 no 0/6 

— »7 67 6/6 

2 600 104 80 4/6 

Discussion 

The results described above show clearly that the qualitative activity 
of a gonadotrophic extract can be completely changed by the simultaneous 
mjection of a particular type o'f anti-sorum The most simple explanation 
of the results so far obtamed is to suppose that the luteimrmg substance in 
extracts of horse pituitary is differentially neutraliyed by anti-ox pituitary 
serum, which is mainly anti lutemizing in effect The residual activity of 
the horse pituitary extract is mainly or exclusively follicle-stimulating, 
and if the balance between extract and anti-serum is carefully adjusted, it 
IS sufficiently great to produce considerable growth of follicles in the ovary 
of the immature rat 

It should be remembered, however, that the activity of the animal s 
own pituitary must be considered m connexion with any test on mtact 
immature ammals Thus the difference m effect of vanous gonadotrophic 
extracts on intact and hypophysectomizod immature rats is great (see 
p 77 ) This difference must be due to co operation of endogenous hormones, 
whether or not the animal’s own pituitary is abnormally stimulated by the 
mjections The adjustment between extract and serum may thus be com- 
pheated, and it is likely that the quantity of serum required to prevent 
luteinization of the membrana granulosa is increased by the necessity of 
neutralizing the animal’s own lutemizmg hormone m addition to that 
present m the mjected extract Experiments now being carried out m 
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conjunction with Dr R L Noble on hypophysectomized rats are likely to 
show the importance, if any, of this factor 

Further, it is possible, even likely, that the results cannot be explained 
in terms only of lutemizmg and follicle'Stunulatmg substances The 
possible participation of other substances in the pituitary gonadotrophic 
complex 18 suggested by the augmentation of ovarian weight response 
which 18 obtained when small amounts of the anti serum are given If 
this latter effect is similar to the augmentatory action previously described 
for anti sera to sheep and pig pituitary extracts (Rowlands 1938) it may 
be due to partial neutralization of the lutemizmg substance of the horse 
pituitary extract givmg rise to a ratio of h n and r s h more effective m 
increasing the weight of the ovary than that originally existing in the 
extract It might also signify the participation of the pituitary gonado¬ 
trophic antagonist postulated by Evans and others (1936), and of anti¬ 
bodies to it, 111 the results The evidence that the pitmtary gonadotrophic 
complex may contain not merely l h and i s 11 but also interstitial cell- 
stimulating, synergistic, and antagonistic substances modifying gonado¬ 
trophic activity, each of which may perhaps be antigenic, suggests caution 
111 offenng explanations ol the mechanism of qualitative action of anti- 
gonadotrophic sera 

It IS with pleasure that I acknowledge my best thanks to Dr A S 
Parkes F R S , for his continued interest and assistance m these studies, 
to Professor (' R Harmgton, F R S , who prepared serum Prep 6, and to 
Dr F G Young who prepared extract AP 70 B used in these expenments 


Summary 

1 Expenments on immature female rats show that it is possible to 
change the qualitative activity of gonadotrophic extracts of the pitmtary 
by the simultaneous administration of anti gonadotrophic sera Two 
extracts of horse pituitary were used, both of which alone produced large 
numbers of corpora lutea m the immature ovary Two anti-sera were 
prepared by mjecting batches of rabbits daily for periods of 3 and 6 months 
respectively with gonadotrophic extracts of ox pituitary 

2 It was found that with suitable doses of anti serum, the lutemizmg 
activity of the extract was completely mhibited, although the response 
measured by mcrease m weight of the ovary was only shghtly altered 
Histologically, the response was one of pure follicle stimulation, as shown 
by the presence of numerous large follicles, and the absence of corpora 
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lutea or any luteimzation of the membrana granulosa The uten of all 
these animals were greatly distended with fluid, such as is found in the 
normal animal during oestrus Since these effects were not produced by 
vanation in the dosage of horse pituitary extract alone, they cannot be 
due to a partial quantitative neutralization of the extract by the serum 
When larger amounts of anti serum than the optimum were given there 
was a progressively mcreasiiig uihibition of follicular stimulation and of 
the ovarian weight response 

3 The significance of these results is discussed in relation to the 
probability that separate follicle stimulating and lutemizing hormones are 
present in pituitary extracts 
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DESCRirXION OF PLATES 
Plate 1 

110 1 Ovary of immature rat injected with 10 mg of horse pitmtary extract 
(AP2B) showing corpora lutea 

Flo 2 Ovary of rat injected with 10 mg of extract AP2B and with equivalent of 
2 5 c c ox jiituitary anti senim (Prep 6) showing follicles only Luteimzation 
has been inhibited 

Fia 3 Ovary of rat injected with 10mg of extract AP2B and with 2 5oc of 
serum A showing inhibition of lutemiration 
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Plate 2 

Fio 4 Ovftn of rat injected with 2 6 mg of extract of gelding pituitary (AP70B), 
showing the presence of corixira hitea 

Fio 6 Ovary of rat injected with 2 6 mg of gelding pituitary extract and 6 e c of 
noimal rabbit serum, sbowmg numi roiis corpora lutea 

Fio 6 Ovary of rat injected with 2 6 mg of extract AP70B and 1 26 o c of scniin A, 
showing absence of coriKirn lutea and of luteinization of the niembraiia granu 
losa 


Plato 3 

Fio 7 Uterus of rat injected with 2 6 mg of extract AP70B 

Fio 8 Uterus of rat injc etc d with i 6 mg of extract AP 7<) B and I 251 t of serum A, 
showing distended condition characteristic of oestrus in the normal rat 
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The subthroshold potentuils in a ciustacoan nerve fibre 

B\ A L Hodukin 

From the Physiological fjahoratory, Canihndge, and the Isiboratones of 
the Rockefeller Institute for Medical Research, New York 

{(’omniumcated by E D Adrian, FR S --Received 26 May 1938) 
fPlatos 4-6] 

In a recent paper Katz (1937) has described a number of observations 
which are inconsistent with classic aJ theories of excitation, but which may 
be explained by assuming that a subthreshold shoe k can elicit a small and 
localized action potential in the cathodic part of a nerve fibre At first the 
assumption of a subthreshold response seems to be 111 conflict with the all- 
or-nothing law, but there is in reality no contradiction, since the all-or- 
nothing principle refers to the propagated distui bance, and does not exclude 
the possibility of graded reactions m the stimulated region Indeed, the 
existence of some kind of subhrnmal action potential is to be expected from 
the local circuit theory of nervous transmission, for the current generated 
by the activity of a very short length of nerve would be too weak to excite 
surrounding regions, so that a shock which activated less than a certain 
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length would fail to produce a self-propagating impulse and would leave 
behind only a small and localived response (cf Rosenberg 1937, Rushton 
1937) The theory of a local response is plausible a priori, and it would 
explain a number of observations m widely different fields, but it is o^ien 
to one serious objection, since many workers have searched and failed to 
find any electncal sign of subthreshold activity It is true that Katz (1937) 
showed that alternating shocks produced a residual negativity, which 
could be detected with a sensitive galvanometer, but it is uncertam if this 
was duo to the summation of transient local action potentials, rather than 
to a jiersistent depolarization of the stimulated region At present, the 
only direct evidence for a subliminal response is provided by Auger and 
Fessard’s (1935) studies on the excitable cells of the plant Chara They 
obseived the potentials in the stimulated region and were able to record a 
small, wave-like response, which grew uji to a propagated action potential 
when it reached a certain size The present paper contains an account of 
experiments whu h sliow that a similar result can be obtained in crustacean 
nerve Non-medullated nerve was used, because it was hoped that the 
electrical projierties of the excitable membranes would be more consjncuous 
m the absence of a thick myelin sheath At first the whole nerve trunk or 
bundles of nerve fibres were employed, but these experiments failed to give 
any clear evidence of a subthreshold response However, during the course 
of the work a chance experiment showed that it was not difficult to isolate 
and to record action potentials from a smgle fibre In an isolated fibre it is 
comparatively easy to record from the stimulated region, and the evolution 
of the spike can be watched without using a balancing circuit This made 
the search for a local response much easier, and experiments with single 
fibres soon gave definite evidence of somethmg like a subliminal action 
potential 


Methods 

Material 

Smgle fibres were usually obtained from the limb nerves of the shore 
crab, Carcinus maenas Most of the axons in the nerve trunk would have 
been too small and fragile to handle, but there are a few large fibres which 
can be isolated without much difficulty These consist of a transparent axis 
cylinder surrounded by concentric layers of connective tissue (cf Young 
1936) The diameter of the axis cylmder is about 25p and the thickness of 
the connective tissue about 5p A photomicrograph of a hvmg axon is 
reproduced in fig 1 , Plate 4 
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In a few experiments single fibres were isolated from blue crabs, 
Calhnectes saptdus, or lobsters, Uomarua vulgaris Axons from these 
ammals behave m the same way as those from Carcmus, but they are 
harder to dissect and are usually covered with several layers of diffuse 
connective tissue which stick to the electrodes and make it difficult to 
obtain a clean recordmg lead 

Isolation of fibres 

The nerve trunk was dissected from the meropodite of a walking leg and 
transferred to a Petri dish of sea water which w'as mounted on an illuminated 
dissectmg stage t'rustacean nerve is only loosely held together by con¬ 
nective tissue, and when immersed in sea water it floats apart into a 
number of thin strands, which can bo separated with fine forcejis or needles 
Most of the strands consist of small fibres and must be rejected The large 
fibres were identified with a microscope (magnification x 150), which was 
mounted on an adjustable arm, so that it could be swung over any part of 
the Petri dish When a large fibre had been found, the strand containing it 
was split mto two by pulling with dissecting needles The two parts of the 
strand were again exammed with the muroscope, and the half containing 
the large fibre was set aside for further subdivision This process was 
repeated until a single fibre was obtained .Sometimes the isolation of an 
axon could be completed in a few minutes, but often rejieated subdivision 
was necessary The fibres were handled only by their ends, so that injury 
to the main body ot the axon was axoided It was necessary to use a 
microscope for identifymg the large fibres, but it was found best to view 
the nerve with the naked eye dunng the actual dissection of the fibres 

Electrical recording 

The essential features of the electrode system are shown in fig 2 The 
electrodes consisted of fine platinum hooks (A) made from 100 or 200/i 
diameter wire They were sealed into glass tubes (5), which m turn were 
mounted in adjustable bakolite bosses ((’) The nerve fibre was held in 
position by two pairs of screw-controlled forceps (D) The electrode holders 
and forceps were mounted on a glass bar which could bo moved homontally 
about the pivot {E) or raised vertically in a Palmer adjustable stand 

When the dissection was complete, the electrodes were swung over the 
Petn dish and lowered mto the sea water One end of the fibre was placed 
between the tips of one pair of forceps and gnpjied by tightening up the 
screw {F) The other end was seized with a needle and the fibre drawn across 
the tips of the electrodes When almost taut, it was lowered mto position 
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and then gripped m the second pair of forceps The final result of this 
manoeuvre was to stretch the fibre honzontally above the tips of the hook 
electrodes It was important to keep the fibre from touching the electrodes, 
smce it might stick to them so firmly that it could not be pulled free without 
injury 

In order to record from the fibre, it must be kept m an msulating medium 
At first it was raised out ot the sea water into air Action jiotentials could 
be rocordeii in this way, but the method M'as unsatisfactory, smce the 
fibre dned quickly and could not be kept out of sea water for more than a 
minute at a time After a few trials it was found possible to use the fibre 



111 aerated paraffin oil Paraffin does not seem to have any harmful effects, 
for fibres immersed m it remain excitable and transmit impulses for several 
hours A layer of oil w as poured on to the sea water, and the electrodes and 
nerve fibre were then slowly raised into it by turning the screw on the 
Palmer stand As the axon was brought through the mterface, the surface 
tension caused it to stick firmly to the platinum hooks, which therefore 
made good electrical contact despite the surrounding paraffin 
The prmcipal difficulty in recording electrical changes from a smgle fibre 
18 that its high resistance slows the response of the first stage of the 
amplifier The input resistance was kept as low as possible by working 
with short mterelectrode distances, but it could not be reduced below 
about 0 5 megohm, and with an ordinary amplifier a resistance of this 



91 


Svhthreshold potentials in a crustacean nerve fibre 

magnitude introduces senous distortion at comparatively low frequencies 
The difficulty was hnally overcome by using a sjiecially fast amplifier 
which was designed by Dr Toennies and which will be descnbed by him 
elsewhere Tests made by calibrating through a high resistance showed 
that this was sufficiently rapid to follow any ordmaiy nerve potentials 
Thus when a rectangular pulse was applied through 2 megohms, the 
oscillograiih deflexion was 90% complete in 60//sec (fig 3, Plate 4) 
Calibrations made with an oscillator under similar conditions showed that 
the response was reduced by at 5000 cycles 

Gnd leaks of 15 megohms were used m the first stage of the amplifier, so 
that no appreciable quantity of current was drawn from the nerve * 

In the Cambridge experiments the fibre was stimulated with coreless 
induction coils, but m New York these were abandoned m favoui of the 
thyratron discharge circuit used in Dr Gasser's laboratory This is 
essentially similar to the arrangement described by Schmitt and Schmitt 
(1932), except that the intensity of the shock is controlled by a potentio¬ 
meter in the jinmary, instead of in the secondary circuit of the transformer 
Meewurenient showed that the shock produced in this way was 95% 
complete in GO/csec 

Dunng the early stages of the work various artifacts and sources of error 
were encountered Thus under certain conditions the nerve fibre might be 
stimulated by pick-up from the sweep circuit of the oscillograph, or occa¬ 
sionally a strong shock might stimulate through the ground lead of the 
amplifier Another chfficulty was that the action potential might record 
through the capacity to ground of an idle electrode or through one of the 
forceps used for holding the fibre These difficulties were overcome by 
keeping the capacity to ground of all points connected to the nerve as low 
as possible Another im portant precaution is to maintain a very high degree 
of insulation between the two jiairs of forceps at each end of the fibre 
Thus the forceps were originally attached to bakelite bosses on a metal bar, 
but subsequent exiieriments showed that a largo part of the shock artifact 
could be traced to a leak ac ross the bakelite insulation The metal bar was 
therefore replaced by one made of glass, and in this way the aitifact was 
greatly reduced 

* Records of elcs’ti ical clianges in a single fibre were {mblishod in a preliminary 
communication (Hcslgkm 1937) These were matle with an amplifier which was too 
slow to follow rapid changes proiluced by a high resistance preparation, and the 
results, therefore, differ in a number of ways from those given in the present paper 
These differences are not entirely due to the relative afwed of the two recording 
systems but are jiartly to be attributed to the fact that the earlier amplifier drew an 
appreciative amount of current from the fibre 
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It 18 imfxirtant to reverse the direction of the shock by changing the 
polarity of the pnmary circuit of the transformer or mduction coil If the 
stimulating leads are reversed, the balance of the secondary circuit with 
respect to ground is altered, so that the intensity of corresponding anodic 
and cathodic shocks may not be exactly equal The stimulating leads were 
connected through large condensers (1 /cF) in order to avoid polarization 
of the nerve by potential differences developed at the electrodes 

Experimbntal results 
The propagated actum potenhal tn a single fibre 
The propagated action potential is of constant size and form and travels 
without dec rement at a umform velocity of 3-6 m /sec * This result agrees 
with that of Bogue and Rosenborg {1936), who showed that the fastest 
fibres in the limb nerve of Maia conduct at 6 m /sec The duration of the 
spike usually lies between 0 8 and 1 0 msec , so that its wave-length is only 
about 4 mm In the A fibres of a frog or mammal the wave-length is about 
40 mm This difference is interesting, because it may be connected with 
the fact that the sjiread of the polanzation potential (electrotonus) is much 
less extensive in crab fibres than it is in medullated nerve The form of the 
spike IS essentially similar to that m a medullated axon, as may be seen 
by comparing the record m fig 4 with the one published by Uasser and 



Flo 4 Propagated action potential Fibre made monophasio by crushing Tune 
0 1 msec Amplitude of action potential, 66 m\ 

Grundfest (1936) The absolutely refractory penod lasts for about 1 msec 
and the fibre can transmit a senes of impulses at a frequency of over 
SOO/sec Fig 6 b shows a tram of spikes following one another at SSO/sec 
A comparison of these action potentials with one evoked by a smgle shook 
(fig 5 a) shows that the potentials were reduced by about 26 % durmg the 
tetanus 

• All tho experiments described in this paper were made at a temperature of 
«0-26“ C 
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The most surpnsmg fact about an isolatetl fibre is the size of the action 
potential Spikes of 40 mV were regularly observed and potentials of 
50-60 mV were recorded on several occasions These large values suggest 
that the action potentials which are ordinarily recorded from a nerve 
trunk must be greatly reduced by the short-circuiting effect of the mactive 
tissue and interstitial fluid In a single fibre preparation much of the mactive 
tissue 18 removed, so that a higher proportion of the potential generated by 
the fibre is recorded But despite its large size, there is reason to believe 
that the recorded spike still falls far below the potential change at the nerve 



Fio 5 o, monophaaio spike b, same experiment, tram of spikes recorded diuing n 
tetanus Time I msec 

membrane The recorded potential would only be equal to the internal 
potential change if the resistance outside the nerve membrane were 
high compared to that of the axis cylinder, and this concbtion was almost 
(ertamly not realized in the present experiments For the axis cylinder was 
surrounded by layers of diffuse c onnective tissue which must have had a 
considerable short-circuiting effect, and this would have been increased 
still further by the film of sea water which adhered to the fibre after it had 
been raised into paraffin 

The electrical changes in the stimulated region 
Fig 6, Plate 5, shows the different kinds of electrical change which can 
be observed in the stimulated region The stimulus was a bnef thyratron 
shock, and the potentials were recorded by connecting the distal stimulating 
lead to the ground lead of the amplifier 
When the shock is well above threshold, it produces a large diphasic 
action potential which anses with no appreciable latency As the stimulus 
18 weakened, the spike starts later and finally disappears, revealing a 
smaller subtlireshold potential The properties of this potential are quite 
different from those of the electrotonic potential in a nerve trunk, and they 
suggest that it must be a combination of a passive ^lolanzation process and 
a second effect which behaves like a subliminal response of the nerve fibre 
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These two processes may be dissociated by var 5 ang the strength of the 
stiihulus When the shock is weak or anodic, it affects only the polanzation 
process, and tlie potential has a simple time course which is readily ex¬ 
plained by the capacitative projiertieB of the nerve During the period m 
which the shock is applied, the nerve membrane is charged very rapidly so 
that the potential rises abruptly, reaching a maximum in 50 /isec , after 
the end of the shock it subsides relatively slowly, because the charge takes 
an appreciable tune to leak away from the membrane capacity Thus the 
potential has the rapid nse and gradual fall shown in G and H As long as 
the stimulus is well below threshold, the potential has this simple shajie 
and the effects of anodic and cathodic shocks are symmetrical However, 



iiG 7 Cathodic and anodic potentials, traced from records in fig 6K and F 
Cathodic potential analysed into polarization isitential and local response 
hlfi 7 a (inset) Local response obtained by subtracting polarisation from total 
cathodic effext 

as soon as the shock is brought close to threshold, the cathodic potential 
changes in a sinking and characteristic way In the first place its duration 
18 greatly increased, and m the second it has a rounded form which is quite 
unlike that of the corresponding anodic polanzation The simplest way of 
explaining these changes is to assume that the nerve produces a small and 
localised wave of negativity which adds to the polanzation potential 
According to this view, we may analyse the rounded curve m E into a 
cathodic polanzation potential which is symmetrical with the anodic one, 
and an additional wave of negativity which will be called a local response 
Fig 7 illustrates an analysis of this kind and shows that this particular 
local response had a rismg phase of 270/s8ec and a total duration of about 
1500/ssec 
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The development of the local response is illustrated by the typical 
expenmentmfig 8o It is clear that shocks of less than 0 5 threshold affect 
only the polarization process, because 

(1) After 100/isec the potential has a simple, approximately exponential 
dechne 

(2) The potential is directly proportional to the strength of the stimulus 

(3) The effects of anodic and cathodic shocks are symmetrical 



Pio 8 Electrical changes at stimnlatiiiK electrode produced by shocks with rehitiie 
strengths, succo8si\ely fiom above, 1 00 (u{ipt»r 6 curves), 0 96 0 85 0 71 0 57, 0 43 
0 21 —0 21,-0 43,-0 57 -071,-1 00 The ordinate scale giv es the potential as 
a fraction of the propagated spike, winch was about 40 mV m auiplitudo Ihe 0 96 
curve 18 thicker than the others because the local response had begun to fluctuate 
\ ery slightly at this strength The width of the line indicates the extent of fluctuation 
Flo 8o (inset) ResjKinscs produced by shocks with strengths, successively from 
above, 1 00 (upiier 5 curves), 0 96, 0 85, 0 71, 0 57, obtained from curves m fig 8 by 
subtracting anodic changes from corresponding cathodic curv es Two of the anodic 
curves necessary for tlus analy sis were recorded but are not shown m fig 8 Ordmate, 
as above 
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When the stimulus is mcreased beyond 0 6 threshold it produces a local 
response, the size and time relations of which are shown in fig 8a It is 
clear that these curves are similar to those which Kate (1937) obtamed from 
excitability measurements In particular, both types of experiment show 
that the subliminal response increases in duration as well as m amphtude, 
and that its nsmg phase becomes longer as the stimulus mcreases 

Another important property of the local response is that it starts to vary 
in amplitude and duration when it has almost reached propagating size 
Thus in the expenment of hg 8 the potentials produced by successive 



Fro 9 Relation between potential at 0 29 msec after application of shock, and 
strength of shock Ordinate, potential as fraction of spike potential Absoiasa, 
Strength of shock as fraction of threshold 

shocks were constant to withm 1 % provided that the stimulus was below 
0 96 threshold However, when it was mcreased beyond this pomt, the 
responses started to fluctuate over a wide range and ultimately a few 
succeeded in growing up into propagated spikes The transition from local 
to propagated responses seems to occur at a constant level, for if the 
responses succeed m reaching a critical size, they turn mto propagated 
spikes, whereas when they fail to attam it they die out as locahzed mono- 
ph6t6io waves (cf especially fig 10) Although it is impossible to give a 
precise explanation of the fluctuations in the subhmmal response, it is not 
difficult to understand their general nature For it has been known smce 
the work of Blair and Erlanger (1933) that the threshold vanes oontmually 
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in a nerve fibre, auid it is dear that a slight fluctuation in excitability might 
cause large changes in the local response, since this mcreases very rapidly 
near threshold Blair and Erlanger (1936) found that the threshold varied 
spontaneously over a range of 10% In an isolated crustacean axon the 
threshold does not usually fluctuate over more than ^ %, but some play 
can always be detected Now this slight shift m excitabihty would not 
produce appreciable variations when the stimulus is small, but it should 
cause large fluctuations near threshold, since a slight change in stimulus 
then produces a relatively enormous change m the local response 

The rapid mcrease in the local response as the shock approaches threshold 
is illustrated in fig 9 It is clear that anodic or weak cathodic shocks 
produce only polarization, since the potential is at first directly proportional 
to the strength of the stimulus The response seems to start at about 0 6 
threshold, but it is rather hard to toll exactly where it begins smce the 
mitial curvature in fig 9 is very gradual At 0 7 threshold the response is 
quite definite, and after this it increases at accelerating rate until it finally 
reaches propagatmg size 

Local response and latency 

One of the most important properties of the local response is that its 
time relations determine the latency of the nerve fibre The reason for this 
IS that the spike initially follows the same time course as the local response, 
so that the latency of a response whuh just succeeds in propagatmg is 
approximately equal to the time of rise of one which just fails This pomt 
18 illustrated by fig 8, but it is more (learly shown when the latency is long, 
as m fig 10 Here it is evident that both local and propagated responses 
start out m the same way and may not separate until nearly 600/isec after 
the shock The final division of propagated and local responses occurs at a 
critical potential, for all the responses which reach this potential turn mto 
propagated spikes, whereas those which fail to attam it die out as localized 
monophasio waves 

The association between the latency and the form of the local response is 
very constant, and has been checked in a large number of experiments 
Usually the spike does not start later than the crest of the response, but 
occasionally it may nse when the wave has fallen a little below its maximum. 
An example is shown in fig 11 Here the latency is mcreased to over 
1 msec and the local response has a correspondingly long duration In 
this case the response does not follow a smooth curve, but is prolonged by 
the development of a hump on the falling phase This secondary wave 
seems to be associated with the long latency, smce the delayed spikes start 
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near its crest At first it is rather difficult to see why the spike should start 
after the peak of the local response, and this problem becomes more acute 
when we remember that the response is superimposed upon the deca5ung 
cathodic polan/ation, so that the spike actually starts when the potential 
has fallen far below its maximum (fig llo) One possible explanation is 
that both the secondary humps aiul the spikes which rise from their crest 
are due to the development of activity at a short distance from the cathode 



Pro 10 Electrical changes pioduced by shocks with relatne strengths 1 00 (upper 
6 curves), 0 97, —0 97, — 1 00 (those two anodic cmvos coincide) 

Fio lOa (inset) Responses evoked by cathoilic shocks m fig 10 The ordinate 
scale in both figures gives tlie ]>otentiaI as a fraction of tho spike 


This would account for the fact that the spike begins when the potential 
at the cathode is fallmg, since it docs not actually start from there, but at 
a distant point where the potential is still rising, or just reachmg its crest 
The evidence for this hypothesis will be presented later, but it is well to 
point out now that the short latency type of response is probably the more 
normal one Thus the long latencies are usually found in fibres which have 
been badly dissected or which have been stimulated for some time Figs 8 
and 10 illustrate the effect of stimulation on the latency, since both were 
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made on the same axon, but at different times, fig 8 being made at the 
begmmng of the experiment, and fig 10 after 20 min of stimulation 



Fio 11 local and propagat* d roHjxmw s m a lurv*' witli a very long latency, 
obtained in the uuuni nay bv Hubtracting polaiization from total eftt ct product d by 
cathodic shock Ail curves inadt with saiiio strength of stiniuhis 
hid lln (inset) Thictt of tin original ivs'ortls iistd for making analystd curves in 
tig 11 Upper two tillvts tfitcts pioducod by threshold cathodic shocks l^ower 
cui-vi anodic polarization piodiiced by reversing shock lime 1 msec Tlie hump on 
the local response seems t« be larger m the original records than m the analysoil 
ciirvts This IS an illusion dtpending on the fact that the inllexiuti on tho local 
response is exaggtratetl by bt iiig suja rmipostd on the concave jiolanzetion jiobintial 

Po<>nhle latency of local response 

Tho ©\[)oriments described in tho previous section do not give a complete 
picture of nerve latency, but they suggest that it is connected with the 
time required for the local rtsiionse to glow into a self projiagating impulse, 
rather than with delay in the activation proi css itself I'hus it is clear from 
fig 10a that only a very small part of the spike latency i ould possibly be 
due to a delay in the initiation of the local response most of it is due to the 
time taken by the response to reach its maxiiuuin 

The shajie of the lot al response at hrst suggests that it may havt a very 
small but measurable latency smee it starts with a delay or inflexion lasting 
for 60-80/csee It is possible that some of this inflexion is due to a latency 
or inertia in tho activation process, but a large part of it must arise in 
other wajs In the first place, we should expect the local response to have 
a gradual rather than an abrupt beginning, because the shock does not 
charge the nerve instantaneously but over a peiiod of about OO/isec 
Secondly, even if the response had an abrupt start, we should not be able 
to measure it, because the lag in the amplifier would delay the rise of the 
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potential during the first SO/^sec Thirdly, it is important to remember 
that potentials are recorded from the distal side of the cathode, whereas 
the stimulus first acts on the proximal side Now owmg to the finie 
required to charge the membrane capacity, any potential must take a 
certain time to spread across the nerve under the electrode, so that the 
recorded potential would lag behind the one at the cathodic pomt This 
consideration also explains why the recxirded polarization potential some¬ 
times reaches its maximum after the end of the applied shock 

The local response tn the refractory period and supernormal phase 
The distmction between the subliminal response and the polanzation 
potential can be brought out most oonvineingly by studymg their behaviour 
in the refractory period It is found that the ability to produce a sublimmal 
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Flo 12 A produced by just subthresJiold shook m u resting norve 

B Anodic {Kilan/ation proiluifd b> rocerHing sliock m A C’ Same shock as in A 
appliid to refractory ntr\e D Sam< shock as m B applied to refractory norco 
1 line 1 msec 1 he nen o was made n friw tory b> a shock which preceded ttie testing 
stimulus bj 2 6 msec At the niomdit when the second shock was applied the 
threshold was 119*^0 normal Potentials recorded at stimulating oloctrodo 


response is greatly reduced dunng the refractory jienod, so that a shock 
which normally evokes a large local response may produce only polarization 
jf applied to refractory nerve This is illustrated by fig 12 Record A 
shows the elec trical c liange produced by a just subthreshold shock, and B 
the corresponding anodic polarization C and D were made a few seconds 
later and show the effect of applying the same shocks in the relatively 
refractory penod It is clear that the lot al response is practically abolished 
by making the nerve refractory, for the cathodic potential no longer has a 
rounded form and is only slightly larger than the corresponding anodic 
potential On the other hand, the polarizable properties of the nerve do 
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not seem to be much changed, since the anodic potentials m B and D are 
almost identical Actually the potential in D is 2 or 3 % less than that in B, 
and it has usually been found that the polan/ability is slightly reduced 
for several milliseconds after the spike 
In this experiment the fibre was left for several hours in sea water before 
being used This was done m ordei to prolong the relatively refractory 
jieriod, so that records C and D should not be complicated by the conducted 
phase of the conditioning spike 

The excitability follovung an action potential usually goes through a 
pronounced su{>ernorraal phase, so that it is easy to observe the effect of 
supernormality on the local lesponae As we should exjxjct, the ability to 
respond is greater during the supernormal phase, and a large loc al response 
can be produced by shocks which are too weak to elicit any rosjionso in 



Fig 13 Potentials produced bv A Miock with strength 0 76 resting threshold 
aiiplied m resting nerve B Anodic polaiuation producovl by rovorsuig shock in A 
V baine shock as in A apphi'd III Hupt I normal phase D bamo shock as in B aiiphi d 
in supornormal phase Tiint 1 msec Niivc made supernormal by shock applied 
6 7 msec before second Htiiniilua, the threshold was normal at moment when 
second shock was apple d Potmtials iicordod at stimulating electrode 


normal nerve Fig 13 ilhistiates this point In this oxjienment there was 
practically no difforeiue between the anodic potentials in normal and m 
supernormal nerve, but m others the polanzahilitv was sometimes slightly 
reduced durmg supernormality 

The evolution of the local response m the rcfiactoiy period is essentially 
similar to that in normal nerve, although of course it does not develop until 
the shook is mcreased beyond the normal threshold This is illustrated by 
hg 14, which shows that the potential increases rapidly before the re¬ 
fractory threshold, m the same way as it does before the normal one This 
experiment brings out another interesting point, since it shows that the 
ixitential at which the local response turns mto a propagated action 
Iiotential is mcreased durmg the refractory penod This seems reasonable, 
smee it must be harder for the action potential to excite refractory nerve, 
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and thenfnre the local action potential would have to be larger in order to 
propagate away from the cathodic region 
The position in the sujiernormal phase is the exact opposite of that in the 
refractory period, since it is then relatively easy to set up a local response 
and this propagates at a potential which is lower than that in a normal nerve 
This 18 illustrated by fig 16 



Fio 14 Broken cur%o triangles Subthreshold potentials in refractory nerve 
Contuiuous ciirvoB, oircUs Suhthreshold potentials in resting nerve Abscissa 
strength of shock Ordinate potential, measured at 0 5 msec aftir the shock 
Vertical lines N T and II T give the normol and refractory throsholds respectively 
The horizontal lines N P ancl R P show, approximately, the potentials at which tho 
local resjKmso starts to jiropagate m normal and ri frottory nerve 

The relation between the potential at which the local resiionse propagates 
and the excitability is illustrated by an exjienment m which threshold 
responses were measured successively m siqiernornial, resting, and 
refractory nerve (hg 16) in the first two cases the form of the response 
was obtained in the ordinary way, by subtracting the polarization from the 
total effect produced by the cathodic shock The prot cdure for measunng 
the refractory res^xinse was slightly more complicated, because the 
potentials were sujienmposed upon the curveci base lino left by the con¬ 
ditioning spike It was therefore necessary to combine three records in the 
following waj 

(A-B) + {C-B), 

where A = first spike -l- cathodic polarization -f response, B = first spike 
alone, C = first spiked-anodic polarization The curves m fig 16 show 
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Fio 16 Broken curve, tnanKle«i SubtlirtshoKl putentialu in supernormal period 
Continuous curve cirtJis Potentials m resting nerv< Abscissa stn rigtli of shock 
Ordinate potential measured at 0 47 msec aft< r shock y T and S T aie normal 
and supernormal thresholds A /’ and A /’ indicate potentials at which rfisponse 
propagates m normal and in supernormal nerv e 



Fio 16 Local and proi>ugatod responses ricorded at cathotle, under different experi 
mental conditions R< sponse measured bj subtracting anodic jiolari/^tion from 
total effect produced by cathodic shock Dotted lines spikes whicli just succeed m 
propagating Continuous curves largest local responses observed A iSupnmormal 
nerve, 1 7 msec after beginning of conditioning spike Strength of shock = 82% 
resting threshold B Besting nerve C Rolatively refractory nerve, 0 9 msec after 
lieginnmg of conditionmg spike Strength of shook = 218% resting threshold The 
ordinate gives the potential as a fraction of the spike m a resting nerve Tlie spike 
amplitude was about 40 mV 
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clearly that the potential at which the response propagates increases as the 
threshold rises so that a refractory resimnse may fail to propagate, although 
twice the size of the largest local response in a resting nerve It is interesting 
to note that the spike is about eight times larger than the subliminal response 
in a resting nerve, whereas m a refractory nerve it may be onlv 1 5 times as 
great This result suggests (1) that the spike normally has a large reserve 
of electrical energy at its disposal, and (2) that this leserve is greatly 
reduced dunng refractoiiness 

Fig 16 shows that the refractory spike docs not follow a smooth curve, 
but has a hump on the descending phase Discontinuities of this kind are 
frequently seen in refractory nerve, and they may oc< ur on the local response 
as well as on the spike It is probable that they are due to the development 
of activity at a short distance from the cathode (see p 114 e< ) 

RfUihte amphtudea of aptke arul threj>hold hcul reaponse 

The difference between the propagated and the local action potentials 
can be reduced in other ways besides making the nerve refractory Thus 
it decreases if the fibres are placed in K rich solutions or left to soak in sea 
water, oi m fai t if tliey arc maltreated in any way Undei these conditions 
conduction ultimately fails, and it is then often diflicult to decide whether 
a response is to be regarded as a spike which has been blocked, or a large 
local response which is unable to propagate away fioin the cathodic region 

Another important factor is the interelectrode distance for the threshold 
local resjHjnso increases as the stimulating electrodes aie brought closer 
together This result seems reasonable since the polaii/ation disappeais 
more rapidly with a short mterpolar distance, so that it tan give less 
support to the developing response, which must theretore bo larger m order 
to [iropagate throughout the fibre 

Owmg to the variations introduced by these factors, it is impossible to 
give any precise figure fiir the ratio of the spike to tlie threshold local 
response, but it is usually of the order of 6, as may be seen from the senes of 
experiments m Table I 

The third column m this table gives the amplitude of the polarization 
produced by a threshold shock This cannot be measured directly, since 
the peak of the cathodic polarization is complicated by the begmnmg of 
the local response It may, however, be estimated quite accurately, by 
reversing the direction of the shock, and measunng the amplitude of the 
pure anodic polarization This procedure is justifiable, since the cathodic 
and anodic polarizations produced by weak shocks are always muror 
images of one another 
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Another quantity which is of some interest is the potential at which the 
local response first becomes appreciable This lan be measured directly 
by recording the electncal changes produced by increasing strengths of 
shock Thus m the experiment of hg 8 the local lesponse started when the 
shocks were increased to 0 67 threshold, and at this strength they produced 
a cathodic polarization which was equal to 0 17 of the spike height Direct 
measurements of this kind are given in some of the experiments in column 4, 
m the others a complete senes of subthreshold curves was not made, so 
that the potential could not be measured directly However, a rough 
estimate could be formed from the figures m column 3, for the local 
response always begins somewhere between 0 6 and 0 8 threshold, so that 
it must start at a polarization which lies between 50 and 80% of the 
threshold one 


Tablf I 

Data obtamcd from experiments inado duruig December 1937 and January 1938 
All experimonta m which the neceasary measurements we:e made have been included 
7 a and b were obtained from the same axon at different times, otherwise measure 
mi nta made on separate fibres Column 3 obtami <l by levi rsing threshold shook and 
measuring anodic polarization Column 4 ratio of polaruation at which local 
response starts, to spike iiok'ntial, iinbracketod figiirrs miasurod directly, bracketed 
figures, limits calculated as 0 6 0 8 threshold polaiuation 
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The results in column 4 are interesting in connexion with the rising 
phase of the spike It transmission is electrical, the initial part of the 
spike should be due to current spreading ahead of the active region, and 
the activity under the lead should not start until the ner\ e is depolarized 
to a cntical extent Column 4 indicates that, with an external stimulus, 
the activity does not start until the nerve is depolarized to about one- 
seventh spike height If this result is apphed to a propagated impulse, it 
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follows that the active generation of potential should start when the action 
potential nses to one seventh of its maximum, and that below this the rise 
in potential should be solely due to the physical spread of polarization 
ahead of the active region 

The estimate of one seventh is likely to be too large, because controls 
with dead hbres show that about 20 % of the polarization which is recorded 
arises in the stimulating electrode and not in the nerve fibre itself How¬ 
ever, it seemed best to give an estimate which was an average of experi¬ 
mental values, rather than to add an uncertain correction foi electrode 
polanzation 


Posnble imrces of artifact—Electrode polarization 
The fact that the local response can be abolished by makmg the nerve 
refractory proves that it is a product of the nerve but this does not 
exclude the |)os 8 ibihty of the polari/ation potential being complicated by 
artifacts It is, therefore, important to consider the various tyyies of 
artifact which could be observed In the first place, there might be a 
capacitativo disturbance due to coupling between the leads This effect 
was nearly always present and was rather serious in the earlier experiments, 
but it could be distinguished from the polarization potential, since it con¬ 
sisted of a cpiick sjuke lasting for less than the shoe k duration As the work 
progressed this was gradually reduced and it might bo completely absent 
whenthc mtereloctrode resistances were low Thus the rerordsm fig 6 PlateS 
were made with a particularly large fibre, and as a result they are free 
from any initial artifact In the other expeiimeiits illustrated there was an 
initial disturbance in the original records, but this was too faint for repro¬ 
duction, so that there is a gap of 30 or 40/c8ec in the oscillograph line 
The second possibility which must be considered is that the potentials 
might be complicated by polarization m the common stimulating and 
recording electrodes In order to determine the importance of electrode 
fiolarization, vanous control exfienments were made on dead nerves It 
was found that if the fibres were left for 7 or 8 hr in sea w ater, they became 
completely inexcitable and failed to give any trace of a local or propagated 
response Under these conditions the shocks produced a perfectly 
symmetrical {lolari/ation potential which might not be much smaller than 
that in a normal nerve This potential gradually declined as the fibre was 
left in sea water, and after prolonged soaking or after treatment with 
dilute alcohol it w as reduced to 16-26% of its onginal value, so that at 
least 76 % of the polanzation observed must have been in the fibre and not 
m the electrodes The remaining 25% was probably due to electrode 
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polarization, but it is difficult to be sure that there is not some residual 
^jolanzation m a dead fibre These experiments show that most of the 
polarization is in the nerve, but they do not prove that the accumulation of 
charge occurs at the membrane involved in excitation Information on this 
point was obtained by comparing the polarizability during the resting and 
active states It was found that a shock apjilied at the crest of the spike 
produced less than half the normal polarization This proves that a large 
part of the polarizability of the fibre must be due to theexcitable membrane, 
since it would not otherwise be affected during activity The expenment 
also has a more general interest, as it affords new evidence for the theory 
that the action potential arises by the breakdown of a polarized membrane 

The sfMtial distribution of the subliminal response 
The pnncipal difficulty in measuring the distribution of the subliminal 
[lotentials m a single fibre arose from the fact that they occupy an 
extremely short length of nerve It was then fore impossible to use a senes 
of fixed electrodes, and it was necessary to record from a single electrode 
which could be moved along the nerve fibre A satisfactory mcivable 
electrode w'ns made by attaching one of the electrode holders [B) (fig 2) to 
a stnp of phosphor bronze, which in turn was connected to the bakelite 
boss {G) The motion of the electrode could then be smoothly controlled 
by means of a screw which was arranged to jiress against the phosphor 
bronze strip This arrangement worked fairly well, ])rovicled that the 
fibre could be dissected free from all loose connective tissue, but if this was 
jiresent the electrode stuck to the hbre and could not be moved without 
injuring it The distance between the stimulating and recording electrodes 
was measured by observing them with a microscope into which a micro¬ 
meter scale had been inseited This method was an aceuxate one but the 
measurement of distances less than a millimetre is unceitam since the 
electrodes were 100// in diameter and were, moreover, effectively 
broadened by the film of sea water which collected at their point of contact 
with the nerve The distance between the electrcxlcs was measured between 
their distal edges, since the potentials probably record from these jioints 
At first the distribution of jiotentials was measured with an ordinary 
grounded amplifier, but this method proved to be unsatisfactory, on account 
of the inevitable capacity between the stimulating circuit and the ground 
lead This capacity led to two undesirable results In the first place it had 
the effect of making the strength of the shock dependent upon the iwsition 
of the ground lead, so that the stimulus was altered by a small but unknown 
amount as the ground lead was moved along the nerve This efiFect depends 
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stated in vague terras Thus it may be that the spread of the local response 
18 due to an increase in length of the active region, as well as to the passive 
current spread which ojierates m the case of the anodic polarization The 
extension of the active region must in the first instance depend upon a 
spread of jiolarization, but it would clearly enable the response to spread 
much further than a polarization process alone If this view is correct, it 
follows that the spread of the local response must be fundamentally unhke 
that of the [xilarization, and is more closely allied to the propagation of the 
spike 

It 18 difficult to distinguish ex|ienmentally between the active and 
passive types of spread, but there is evidence to show that the active region 
may sometimes extend over appreciable lengths of nerve Thus it has been 
found that under certain conditions the subliminal resiionse may spread 
for relatively enormous distances along the fibre, w hereas the spread of the 



Fm 18 A Just subthnshold rusponso at stimulating electrode B Just sub 
threshold and just sujierthroahold responses at 1 5 inra distal btrongth of shock = 
98% of that in A f, D Anodic polarizations at stimulatmg electrode and at 
1 6 nun produced by reversing shocks in B and A 

anodic polarization remains perfettly toiistant An example of this is 
shown in fig 18 Here the response at 1 5 mm is nearly as large as it was 
at the cathode, whereas the anodic polarization is so small that it can 
hardly be measured The jirolonged duration and peculiar shafie of the 
response in A are characteristic ot hbres m which the subliminal wave 
spreads toi a long way This expenment is satisfactory m so far as it 
illustrates the difference between the polanzation and the subliminal 
resjionse, but it immediately raises the question as to wliy the response 
should sometimes spread to such unusual extents One possible explana¬ 
tion IS that there may occasionally be a gradient of excitability along the 
fibre In this case, the normal tendemy to decrement would be counter¬ 
balanced by the fact that the rcsiionse was continually workmg itself into 
more excitable nerve and so could more easily mduce a response m the 
next section 
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Spread of local response and long latency 

The widely spreading subliminal responses descnbed in the previous 
section are interesting because they only occur in fibres which have a long 
latency Fig 18 B illustrates this association, for the maximum delay of 
the spike was 1 3 msec , and of this only 0 J msec could have been due to 
conduction time because the recording lead i^as I 6 mm from the cathode 
At first the connexion between an increase m latency and an increase in 
spatial spread seems obscure, but the two curves m fig 18 B suggest a 
plausible explanation for the association Thus it is possible that the 
subliminal response might travel along the nerve and finally work up into a 
spike in the more excitable nerve at a distance from the cathode This 
hyiKithesis would account for the fact that the H|nke arises near the crest 
of the subliminal response in B More direct evidence may be obtained by 
recording with both leads close to the < athode since it is then possible to 
determine the place from which the spike staits The records in fig 19, 
Plate 5, show the results of an expenment m which the ground lead was 
connected to the cathode and the grid was placed 1 0 nun away Now if 
the spike arises at, say, 0 7 mm from the cathode, it must reach the grid 
lead before it has time to propagate hack to the cathode, so that mstead 
of obtaming a normal diphasic imiuilse, we shall record one in which the 
two phases are reversed This effect lan be seen in F and (i, but it occurs 
only when the latency is cvccptioiially long, as this decreases, the response 
starts progiessively closer to the cathode Theoretically we should expect 
to record only a minute change wlien the response starts midway between 
the leads, but this result is never obtained m practice, since the spike is 
always slightly larger at one lead or the other, so that a poU ntial like D is 
lecorded The wide shift in the [loirit of ongm of the spike is at hrst a little 
surprising, smee we might expcit that the spike would always start from 
the distant points if these were more excitable than the rest of the nerve 
The reason for the shift is that the ciest of the subliminal resjionse travels 
very much slower than the spike, so that if the shock is strong enough to 
excite at the cathode, the spike starts from there with a short latency and 
travels along the nerve before the subliminal response has had time to 
spread for any distance 

Records like those in fig 19 could be observed in most expenraents m 
which the latency was longer than 6<M)/isec , but exceptions have occasion¬ 
ally been found These can be explained quite simply by supposing that the 
spike 18 stdl startmg at a distance from the cathode, but in the interpolar, 
instead of m the extrapolar region If this hap[)ened, it would clearly be 
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impossible to observe any “reversed” action potentials, since the activity 
must always reach the ground electrode before it arrives at the gnd If this 
explanation is correct, it should become possible to record a reverse action 
potential effect on interchanging the grid and anode leads (fig 20) This 
deduction has been venfied in the few lases in which it has been possible to 
test It In most cases, however, there has been no need to make the test, 
smce the delayed spikes usually start m the extrapolar stretch of nerve 



Flo 20 A Spiko starting minterpolar region, no reversal of phnsos possible B Grid 
and anode leads interchanged, now possible to record,reverse spikes 

The expenmental analysis of the long latencies may be summarized by 
saymg that the following changes occur in association 

(1) The local response spreads for a long way 

(2) It IB unusually prolonged and often has a hump on the descending 
phase 

(.3) Delayed spikes start at a distance from the cathode 

(4) The latency is long 

It is easy to account for all these changes, if we assume that they occur 
only when the excitability beneath the cathode is slightly lower than m a 
neighbouring part of the nerve In this cose, the loial response would 
spread for a long way, because it would be workmg into more excitable 
regions, it would last for a long time, because the negative wave at one 
point would be maintained by the development of activity m a more distal 
part, the spike would tend to start at a distant point, because the excita¬ 
bility there would be greater than underneath the cathode, and finally 
there would be an increased latency, because the local response at a distance 
takes a long time to work up to propagatmg size 
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This explanation receives some additional support from the nature of the 
conditions that promote long latencies Thus they tend to occur after 
prolonged stimulation or in fibres which have been stretched too tightly 
across the electrodes Another way of obtaining long latencies is to place 
the leads near the killed end of the fibre Now we should expect that all 
these conditions would tend to give an irregular distribution of excitability 
In the first case the cathode might become depressed as a result of some 
loiallj injurious effect of the stimulus and in the second, as a result of 
direct rnedianical contact with the electrode In the third case we should 
expect a continuous gradient of eve itabilit> rather than a local depression 
at the cathode, but it is clear that this should be ecjually effective in pro- 
niotmg a long latency 

The fact that sjukes which stait with a long latc'ncy arise at a distance 
from the cathode, raises the cpiestion of whether there ina\ not always bo 
a similar but smaller shift m the point of origin ot the spike It is true that 
in a nonnal neive thcie should be no giadient of excitability to favour 
points at a distance from the cathode but we should nevertheless expect 
some effee t of this kind For the local response must be due to the ac tivity 
of a certain length of nerve, and the spike should arise at the edge of this 
region rather than from the centre, which mav indeed be comyiletely active 
already In order to obtain information on this point, a few experiments 
were made with the recording leads very close together, but the results 
soon showed that it was impossible to mcasuie the exact point of origin 
of the spike unless the latency was exceptionally long Owing to surface 
tc nsion efiects it was difficult to bring the grid lead closer to the cathode 
than 0 3 mm , and at this distance leversed ’ action potentials were not 
obtained until the latency exceedc d 500-800 //sec These spikes must rise 
at about 0 15 mm from the cathode, so that action potentials starting 
with a normal latency of iOO/csec would almost certainly rise within less 
than 0 1 mm of the cathode- a distance too small to introduce any 
detectable interaction or reversal of the two phases of a diphasic spike 
The question of the exact point of origin of the short latenc y spikes must, 
therefore, be left open for the moment 

Further propertie<i of refractory local responses 

In an earlier section, it was shown that it was more difficult to elicit a 
sublimmal response in the relatively refractory period, and that this had 
to be larger before it could propagate Another important property of the 
refractory local response is that it may spread for relatively large distances 
This effect was first discovered in an experiment m which the refractory 
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local response was occasionally conducted as far as the gnd electrode, thus 
producing a diphasic subthreshold wave Similar results obtamed m a 
later exiienment are shown in fig 21 These records illustrate certain other 
properties of the refractory i-esponse which must now be discussed In the 
first place it is clear that the variation in the size and form of the local 
resjionse is much greater m the refractory jieriod than m resting nerve 
This 18 to be expected, for the refractory responses must be influenced 
by random vanations in the rate of recovery as well as by the play of 
excitability The second point is that the local rosixinse may either be 
perfectly smooth, as m C and D, or it may have a secondaiy wave rising 
from its crest, as m E-I These extra waves find a jiarallel in the humps 
which are occasionally recorded m resting nerve (cf hg 11) and it now 
seems that they may be due to the development of activity at a short 
distance from the cathode In a normal resting nerve the response 
decrements rai)idly, but in the refractory jioriod this tendency is counter¬ 
acted by the fact that the response is contmually working itself into more 
excitable nerve If recovery were ]ierfectly uniform throughout the fibre, 
we should not anticipate such definite humps as those m fig 21, but we 
should expect to find them if the local response suddenly encountered a 
patch of nerve where the recovery was much more advanced than else¬ 
where In this case the activity would immediately start to spread faster 
and the potential would rise steeply m the whole ot the cathodic region 
If the nse m potential were largo enough, the response would be able to 
sustain itself by restimulation and would ultimately propagate throughout 
the fibre (1) On the other hand, if it wore not sufiiciently strong to over¬ 
come the resistance offered by the more refractory nerve on the other side 
of the excitable patch, the wave would die out and would produce a mono- 
phasic hump like that m F The expermiental evidence for supposing that 
the secondary humps are due to activity spreading away from the cathode 
18 as follows The positive wave in G can only be explained by supfiosing 
that activity has spread over to the gnd electrode The negative humps 
occurring m E and F are plainly related to the positive w aves iii G and H 
Thus both have the same general shape and the production of a positive 
wave defMsnds upon the occurrence of a large negative hump It therefore 
seems reasonable to suppose that both the negative and the jxisitive liumps 
are due to spread of activity and that the only difference betw een them is 
that the activity occurs closer to the cathode m the first case, and to the 
gnd lead m the second 

This experiment shows very clearly that there is no fundamental 
difference between a wave of activity which just succeeds in propagatmg 
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and one which gust fails Thus the response m 1 at first follows a course 
which IS similar to that m H, and it is only when activity has spread to the 
grid electrode that the greater initial size of I finally enables it to grow up 
into a girojiagated sjnke Indeed it is impossible to be absolutely certain 
that H failed to propagate, since it is conceivable that it might have 
dev eloped into a spike at some point lieyond the grid elec trode 



21 A Conditioning spiko aloiK H t'ori<litionmg spike + anodio polarization 
produced by shock with strength - 1 5 resting thitshold C-I Conditioning spiked- 
effect produced by shook with strength 1 5 resting threshold Varying amounts of 
response Time, 1 msec The conditioning spike was 60 mV in amplitude The grid 
lead was 1 6 mm distal to the ground leail The conditioning spike has been re 
touched 


The similarity between subthreshold and super threshold activity becomes 
most striking when we study the action potentials set up early m the 
relatively refractory period In a resting nerve the propagated action 
potential is about five times as large as the subthreshold one, but in the 
refractory period the normal safety margin may be reduced to a pomt 
where a superthreshold wave is imperceptibly larger than a subthreshold 
one An example of this is shown m fig 22 a These curves were made with 
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a shock of constant strength, but owing to shght changes m the rate of 
recovery, the size of the response varied fiom shock to shock The super- 
threshold waves are sharply distinguished by the presence of a conducted 
phase, but apart from this it is impossible to see any fundamental difference 
between propagated and local responses Indeed, in the limiting cases of 
the waves which just succeeil and which just fail to propagate, the two 
curves do not begin to diverge until after the maximum of the cathodic 
response This result suggests that both sub- and superthreshold waves at 
hrst spread along the nerve m the same manner, and that they do not 
hnally separate until activity has travelled for a certain distance from the 
cathode In the experiment illustrated it was jiossible to verity this con¬ 
clusion by recording the activity at different fioiiits on the nerve, and some 
of the results arc reproduied in the other sections ot hg 22 Tracings of 
the actual records are given in the left-hand column, while the curves in 
the right-hand column show the itfractory responses uncoinjihcated by 
jiolari/ation or conditioning impulse A large number of records w ere made 
at each point, but except in A and C only the critical cases of the w'aves 
which just succeed and which just fail to piopagate are given 

It 18 mteresting to note that the anodic jiolarizntion decrements rapidly 
along the nerve whereas the amplitude of the response declines verj little 
during the first 0 7 mm As indicated previously this lapacity tor sjueading 
without decrement deixuids upon the balance of the followmg two factors 

(1) The resjionse tends to decrement because it is moving away from 
nerve which has been polarized cathodally by the shock 

(2) It tends to increment because it is moving into nerve wheie the 
recovery of excitability is more advanced 

The ultimate fate of the response depends upon the lonhict between 
these two factors If the farst one dominates, the activity dies out as a 
monophasic wave, whereas it the second gains the upper hand the activity 
flares up into a propagated disturbance 

It was not always possible to obtam complete convergence of the 
subthreshold and sujiertlireshold responses during the refractory period 
Often the superthreshold wave had a hump which was not shown by the 
subthreshold one, so that the situation at the cathode resembled that at 
0 4 mm in fig 22 c This tyjxs of response seemed to occur more frequently 
when the recovery of excitability was very rapid, and we should expect to 
fand it under these conditions, since the sub- and suiierthreshold waves 
would then sejiarate much sooner and much closer to the cathode than they 
do in hg 22 When this happens there can be no possibility of any con¬ 
vergence, smee the sujiertliresholcl wave at the catluxle must always be 
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Fid 22 Rdfraitory resjKmHos and polaii?ation reiordeil at different distance from 
catluKle A-E Traiings of roiords showing ujifier line, conditioning spike+ 
cathodic polanzation + response middle lino, conditioning spike alone, lower Ime, 
conditioning spike + anodic polaruation a~c ('orresfKindmg responses obtained by 
subtraction A, a, at cathode, B b 01 min distal t' i 0 4 mm distal D, d, 
0 7 nun distal. E (’,10 mm distal,!?,/ 14 mm distal The strength of the second 
shock was 3 8 x threshold Except in a and c onlj the critical cases of the waves 
which just succeed and whicli just fail to propagate are gi\on Ihe additional re 
aponses in A and C are marked by dotted lines 
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increased beyond the subthreshold one by the development of the spike at 
a short distance away 

In the experiments of %8 21 and 22 the refractory and conditiomug 
action potentials were started by shocks applied to the same pair of 
electrodes Similar results have been obtamed m other experiments, where 
the first impulse was started from a separate pair of electrodes, so that 
there is no reason to believe that the results were complicated by any after¬ 
effects left by the first shock 


Svbthreakold activity during a tetanus 

The subthreshold potentials during a high frequency tetanus are similar 
to those m the refractory period of single spikes Fig 23, Plate 6 , shows a 
senes of potentials recorded from the stimulatmg electrode durmg the 
application of a tram of thyratron shocks In A the shocks were cathodic, 
so that the records consist of propagated and local action potentials super¬ 
imposed upon the passive polanzation produced by the shocks The 
direction of the shocks was reversetl m B and the potentials then consist 
only of anodic polarization and all or-nothing spikes which have travelled 
along the fibre from the other stimulating electrode This expenment is 
interestmg for two reasons In the first place it illustrates the great vanety 
in the size and form of the refractory potentials Thus m some coses the 
subhminal responses are smooth and continuous, while at other times they 
have secondary waves rising out of them These additional waves are 
extremely variable, for they may be large and diphasic as in a or small and 
monophasio as m 6 , or agam they may arise late, on the descending phase 
of the potential, as in d 

In the second place the expenment is important because it affords clear 
evidence of a refractory penod followmg the local response Thus when the 
response is small, as in c, the succeeding spike is large and arises with no 
delay On the other hand, when the sublimmal response is large, as m 6 , 
the next spike is subnonnal in amplitude and starts after an appreciable 
latency Fmally, when the sublunmal wave is large enough to spread to the 
gnd electrode (a), the succeeding shock fails to excite and produces only a 
small local response 

The results obtained with high frequency stimulation recall an observa¬ 
tion made by Gasser and Grundfest ( 1936 ) They studied the effect of 
tetanizing mammahan nerve and showed that it could follow 2000 shocks 
per sec in the cathodic region, whereas more distant parts failed to respond 
to these high frequencies It now seems possible that their cathodic 
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response must have been due to local action potentials of the same type 
as those observed m the present research 


Disottssion 

Katz’s (1937) expenments suggest that a local response plays an im¬ 
portant part m the excitation of medullated nerve, so that the failure of 
previous workers to record any kind of local action potential is at first 
rather surpnsing There are, however, a number of reasons for believing 
that it would be very difficult to observe subthreshold responses in any 
multifibre preparation In the first place, the maximal amplitude of the 
siiblimmal response in a crustacean fibre may be only one-tenth of that of 
the spike, and its size vanes inversely as the excitability, so that the sub- 
limmal responses in the axons which respond at threshold m a nerve trunk 
would be exceptionally small Secondly, since the local response develops 
very rapidly near threshold, it follows that a just subthreshold shock would 
produce appreciable local action potentials m comparatively few fibres m 
the nerve trunk Thus the total subthreshold response would bo extremely 
small compared to a maximal spike Moreover, the resjMmse would not 
possess the definite characteristics which it hM in a single fibre, since it 
would be composed of a number of local action potentials, whose shape and 
size must vary with the excitability of each axon Finally it would be 
difiicult to observe this small and ill-defined resiionse, because it would be 
supenmposed upon the largo polarization potential arising from all the 
fibres in the nerve trunk 

It 18 a pleasure to express my deep gratitude to Dr Gasser and the 
members of his laboratory for assistance and encouragement during the 
course of this work I also wish to thank Dr Pantin for demonstratmg the 
dissection of the limb nerve in Carctnus 


Summary 

Expenments with isolated crustacean nerve fibres show that subthreshold 
shocks produce two quite distinct effects When the stimulus is weak and 
cathodic, or anodic and of any strength, it produces a “polarization” 
potential which behaves as though it were due to the passive accumulation 
of charge at the nerve membrane On the other hand, when the stimulus 
approaches threshold, it produces an additional wave of negativity which 
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behaves like a subliminal response of the nerve fibre These two processes 
have entirely different properties Thus 

(1) The size of the polarization potential is directly proportional to the 
strenj^th of the shock, whereas the subliminal response increases at an 
acceleratinK rate as the shock appioaches threshold 

(2) The time relations of the ])rocesses are different The polarization 
potential rises during the [lenod in which the shoik is applied and then 
dei lines in an approximately exponential way On the other hand, the 
subliminal response starts with an initial inflexion and continues to grow 
for as much as 500 //sec after tin end of the shock 

(3) The time relations of the polarization potential are indejicndent of 
the strength of the shock, whereas the duration of the local response 
mcreases and its maximum occurs later as the shock approaches threshold 

(4) When the local response has almost reached propagating size, it 
becomes unstable and varies from shock to sfiock On the other hand, the 
polarization jiroduced bj successive shocks is always quite constant 

(5) The local response can be greatly reduced or abolished by making 
the neive refractory, whereas the polarizability is only slightly reduced by 
refrac toriness 

(0) The local response can be increased by making the nei ve sui^mormal, 
whereas the polarization potential is slightly reduced or urmftected during 
the supernormal phase 

(7) The spatial spread of the two processes is difteient The polarization 
potential falls to ono-third of its value in approximately 0 5 mm whereas 
the local response usually declines to about two thirds in that distance 
Under certain conditions the local ies[)onse may spread very much further 
than the polarization potential 

The latency of the nerve fabi e is deternuued by the time relations of the 
local response The latency is short when the local wave has a rapid use 
and fall, wheieas it is long whe n the wave has slower time relations It is 
suggested that the latency of the hbio is due to thi> time required for the 
local response to reach propagating size Under certain conditions the 
latency may be enormously mcreased When this hapficns it is found 
(1) that the local response is prolonged, often by the development of a 
secondary hump on the falling phase, (2) that the response spreads for an 
unusually long distance, (3) that threshold spikes start at a distance from 
the cathode It is, therefore, suggested that the long latencies occur when 
the oxcitabihty is depressed beneath the cathode, so that the local response 
runs along the fibre and works up to propagating size at a short distance 
from the cathode 
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The potential at which the local response starts to propagate is increased 
during the relatively refractory period and decreased during the super¬ 
normal phase In a normal nerve the response starts to propagate when 
its amplitude is equal to about one hfth of the s[)ikc During refractonnoss 
this large safety margin may bo reduced to the point at whu h a propagated 
action potcmtial is only slightly larger than one which just fails to propagate 
Under these conditions both sub and superthreshold waves of activity at 
first spread along the nerve in the same way and do not hnally separate 
until they have travelled a short distance from the cathode 
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The androgenic activity of ovaiian grafts 
in castrated male rats 

By Ruth Dkanesly 

National Institute for Medical Research, London 
{Communicated by Sir Henry Dale, FR S —Received 1 June 193 S) 

[Plates 7 9] 

1 Introduction 

Evidenoe of androgenic activity on the part of the ovary has been 
accumulating for some years (see Parkes 1937, Lipschutz 1937) For 
instance, the comb of the fowl, whicli is insensitive to recognized female 
hormones but responds to androgens, undergoes development in the laying 
hen Moreover small amounts of androgens, detectable by lapon comb 
tests, have been found in crude extracts of pig ovary Under conditions in 
which excessive luteimzation of the ovary occurs, e g after irradiation or 
administration of [ntuitary or unne of pregnancy extracts, Steinach and 
Kun (1931) and Guy6not and others (1932, 1933 1936) found evidence of 
masculinization of the female guinea pig Cuy^not and Wietrzykowska 
(1935) also described a similar condition m guinea-pigs descended from an 
mterspecific cross (Cavia apere/i d from the Argentine x U cobaya 9 ) 
Lipschutz (1933) observed occasional giowth of the clitoris of the gumea- 
pig about a year after an operation consisting of removal of one immature 
ovary and reduction of the other to a minute fragment Earlier, Lipschutz 
(1932) had found that an ovanan graft m a castrated male guinea-pig, 
killed after three years, had actually effected full restoration of the [irostate 
and seminal vesicles 

Recently the production of androgens by ovanan tissue has been demon¬ 
strated in the most striking manner by Hill (Hill and Gardner 1936, Hill 
19370, b), who grafted the ovaries of litter mates into the ears of castrated 
male mice and obtained full restoration of the seminal vesicles in 2-3 months 
In a senes of expennients Hill showed that such growth could not be pro 
duced by oestrone or progesterone representing the ordinary female hor¬ 
mones, and further that ovarian grafts made into the abdomen or elsewhere 
than mto the ear did not show androgenic activity (Hill 1937 a) Later he 
[ 122 ] 
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ahowed that the androgenic activity of the grafts could be controlled by 
environmental temperature (Hill 1937^) When mice with grafts were kept 
at 33 “ C no growth of the atrophic male accessory glands occurred, but m 
others kept at 22° C , active seminal vesicle growth was seen The histo¬ 
logical appearance of the grafts is not desciibed in detail by Hdl, but they 
were said to contain lutein-hke cells and normal and haemorrhagic follicles 

It may therefore be concluded from the literature that the normal ovary 
IS (apable of socretmg small amounts of androgenic substances and that 
under unusual or experimental conditions sufficient androgens may be 
seireted for their presence to be readily detectable Lipschutz (1937) 
emphasizes the fact that the secretion of male hormone may occur from 
ovaries not obviously abnormal in histological apyiearance 

In view of the importameof Hill s experiments it was decided to extend 
the work to rats (Deanesly 1938) Results similar to those of Hill have been 
obtained from the exfieriments dcscribid below, and a study has been 
made of the histology of ovarian ear grafts showing androgenic or oestro- 
genu acti V ity or both The rear tion s of the grafts to gonadotrophic substances 
have also been mvestigated 

2 Material and technique 

(a) Animals, operative technique, etc The rats used were from the colony 
maintained at the Field Laboratories of the National Institute lor Medical 
Research, this colony is of the Wistar strain but not continuously inbred 
Males were castrated as immatures at a weight of 40-60 g m such animals 
after castration the prostate weighs 16-20 mg and the seminal vesicles 
6 mg Pieces of ovary taken from slightly younger females ( 30-40 g ), not 
litter mates, were implanted m the eais either at castration or about 2 weeks 
later To implant the graft the skin was incised on the dorsal side of the 
ear (as described by Hill and a little pocket was made into which 

the piece of ovary was pushed, no sutures were necessary All operative 
proc-edure was carried out asejitically under ether Successful grafts were 
readily distinguished a week or so later as vascularized swellings The pro¬ 
portion of grafts becomuig implanted was fairly high, but not all of these 
survived long enough or grew to a large enough size to provide significant 
expenmental results Rats 1-24 received grafts in March 1937 , and with 
one exception were killed up to 6 J months afterwards other rats received 
grafts m August, September and October and were killed up to 4 J months 
later The rats were kept m a warmed animal room or on a balcony 
exposed to atmospheric conditions 
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The principal gonadotrophic substance used in attempts to stimulate the 
androgenic secretion of the grafts was a unne of pregnancy extract (UP 10) 
previously assayed on immature male and female rats (Deanesly 1935) An 
extrac t of pregnant mare serum (PMS IB) was used m 2 mg daily doses for 
a few rats 

(6) Hx^hJogtcal technique The grafts prostate and seminal vesicles were 
fixed in Bourn’s fluid and were later transferred to 70 % alcohol, dissected 
according to the method described elsewhere (Callow and Deanesly 1935) 
and, ex( ept foi Nos 2 ami 22, weighed on a torsion balance before being 
embedded Serial sections at 10// were made of all grafts, and stained m 
haemalum and eosm The prostate was considered to have been stimulated 
if it was obviously enlarged or if its epitlielium was restored and secreting 
(fig 4 ), to insure aci urate diagnosis all pi estates weighing loss than 80 mg 
were histologic ally exammed The seminal vesicles in the castrate rat enlarge 
in response to oestrogenic as well as to amlrogenn stimulation, but the two 
reactions arc easily distinguishable miiroscopually (Freud 1933) These 
glands were theretore sectioned in all cases 

3 UnSTIMULATKD GRAliTS 

(a) on the acceinory orqatiH Tables I and II show the size of the 

piostate and seminal vesicles m twenty-nine rats cariying ear grafts 
negative results associated with grafts weighing only 4-8 mg are excluded 
from the tables, since sections showed that the small amount of ovarian 
tissue in such giafts was commonly degenerating Out of twenty-nine 
grafts, twenty-four listed in Table T wore found to bo androgemc, since the 
corresponding prostates seminal vesicles or both showed evidence of 
stimulation Actually the prostate weighs no more than 60 mg in sixteen 
out of twenty-four rats, while in the remaining eight rats it varies from 81 
to 910 mg If the grafts are compared, it is found that those corresponding 
to the small prostates have an average weight of 23 mg and those corre¬ 
sponding to the large prostates an average of 46 mg Although this point 
cannot be undulj stressed—the weights of the grafts are not always pro- 
jxirtional to the content of functional ovarian tissue—it is c lear that the 
activity of the graft, as reflected by the accessoiy organs, varies with its 
size Moreover since the degree of androgenic activity may be very slight, 
no fundamental distinction is indicated between the grafts m Tables T 
and II 

All functional grafts show oestrogenic activity, and this develops in a 
much shorter time than androgenic activity It was rare to find seminal 
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Table I Rats with unsttmulatlo androoenic orakts 


No 

6 « 

108 

66 

54 

113 

68 

2ft 

72 

160 

122 

45 

149 

110 

76 

89 

116 

159 

35 

22 

11 

18 

19 

20 
24 


Duration of graft dajs 


Animal 

house Balcony Total 

14 23 37 

37 — 37 

60 - 50 

10 43 63 

66 - 06 

78 — 78 

14 76 90 

90 - 90 

96 — 96 

ft 87 96 

14 83 97 

ft no 119 

119 lift 

10 114 124 

6 126 130 

136 135 

137 — 137 

138 -- 138 

75 84 169 

75 94 109 

75 122 197 

75 122 197 

78 122 200 

183 91 274 


* draft inhltratid 


iSeinmal 


draft Prostate vesicles 

mg mg mg 

15^ 46 17 + 

8 29 16 - 

5* 31 21 + + 

24* 39 19 + + 

19* 23 11 - 

38* 42 28 - 

48* 38 29 - 

23 23 31 + 

6 33 34 + 

47* 81 20 - 

21* 34 32 - 

27 230 24 + + 

04* 134 60 - 

21 60 19 + 

37* 162 20 f- + 

5S 910 156 + -t- 

13 44 20 + 

27 64 44 - 

— 177 31 + + 

40 no 66 - 

26 29 41 - 

22 53 70 - 

24 53 22 - 

43 150 41 + + 




Table II Rats with uNSTiMin atid nov androoenk’ oraits 


Duration of graft days 


No 

144 

17 

42 

63 

2 


Anunal 

house Balcony Total 

37 — 37 

76 — 76 

14 83 97 

14 76 89 

180 - 180 


beiniiial 

diaft Prostate vesicles 

ing mg iiig 

29* 22 16 

65* 23 17 

12 42 13 

21* 19 21 

—t ‘lO 60 


* draft infiltrated by leucocykw 
t Graft well di veloped but not weighed 
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vesicle rudiments that were not fibrosed (cf Freud 1933 ) and the tables 
show that oestrogens stimulated the development of 60 mg seminal vesicles 
111 which the glandular epithelium was completely inactive When the 
grafts became highly androgenic the developing vesicular epithelium dis¬ 
placed the earlier formed fibrous tissue (fig 7, Plate 7) The response of the 
seminal vesicles is classified as follows m the tables — mdicates no appre- 
c lable proliferation of the epithelium, + indicates that the epithelium has 
jiroliferated but is not yet secreting and -t -i- indicates a secretory epithe¬ 
lium (figs 5, 6 , 7, Plato 7) An ap]irociable androgenic reaction of the 
seminal vesicles indicated by the sign -f is much rarer than a growing 
prostate, suggesting that the output of male hormone by the grafts is 
frequently too low to affect the vesicular epithelium which requires a 
higher threshold (Callow and Deanesly 1939 ) The absence of any androgenic 
resfionse in the accessory organs corresponding to the grafts listed m 
Table II could be explained by their histological structure (see below) 
Three out of the five grafts showed evidence of extensive degeneiation 
although some ovarian tissue persisted only in rat no 2 was the graft 
thoroughly healthy 

It may therefore be regarded as normal for ovarian ear grafts of this tyjie 
to develop some androgenic activity, and it is doubtful if the latter should 
be attributed to the direct action of external conditions as in Hill’s tem¬ 
perature controlled mice In the onguial group of eight animals—rats 
nos 2-24—giafted in March and kept through the summer, only the six rats 
under cool conditions on the balcony develofnid androgenic grafts Of these 
no 24 was kejit in the animal house for 6 months and was then laparoto- 
mized and examined before being transferred to the balcony No grow th of 
the prostate was apparent and the accessories were probably m the same 
condition os those of rat no 2 killed at the same time (Table II) Three 
months after transference to the balcony the {(rostato of rat no 24 was well 
grown (Table I) 

The first few results, therefore, suggested that cool conditions favoured 
androgen production by the graft, but subsequent work did not confirm 
this hypothesis It will be seen from Table I that the most active graft, 
associated with a prostate of adult size, belonged to rat no 115 kept m the 
warm room, and exclucbng this, the range of variation is not very different 
in the two temjierature groups In spite of their size and long duration the 
grafts of nos 18, 19 and 20 were hardly androgenic though subjected to 
cool conditions It still remains a possibility, however, that warmth tends 
to inhibit or restnot androgen production by the graft, and further experi¬ 
ments are now in progress The animal room was artificially heated, but its 
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temperature varied somewhat with external conditions and the average 
would have been higher in the summer than m the wmter months 
( 6 ) The histology of the grafts It may be assumed that any factor such as 
temperature affecting the graft indirectly through the pituitary of the host, 
or directly, would influence its histological structure, and accordmgly all 
grafts were microscopically examined The grafts naturally varied a good 
deal, but it was found that their histological appearance could be corre¬ 
lated satisfactorily with their secretory capacity, as evidenced by the 
prostate and seminal vesicles There was no histological distinction be 
tween the androgemc grafts of rats kept on the balcony and of rats kept in 
the animal house, although the non-androgemc grafts in Table II differed 
in certain respects from the more a< tive of the grafts m Table 1 Since the 
rats used in these exjieriments were not inbred (see Lex b 1930 , Strong 1936 ) 
a largo profiortion of the original grafts failed to establish themselves, and 
others, after surviving 1-4 months, wcie found to be infiltrated with leu- 
(o( ytos * Such grafts showed degeneration of ovarian tissue to a varying 
extent, if this had gone far the grafts were not actively androgenic at 
death In some cases they had jirobably been more androgenic at an earlier 
l»eriod—for instance, the seminal vesicle epithelium occasionally showed 
proliferation, although it was not active at death Many grafts contained 
leuc ocytes in the stroma, but only those heavily infiltrated are recorded as 
such in the tables The latter include some good sired grafts with little or 
no androgemc activity (e g no 2$), Table 1) 

In established grafts follicles enlarge almost to oestrous size, but there 
seems to be no ovulation, the ova apparently become absorbed Blood 
follicles are fairly common A graft containing many large cystic follicles 
18 generally markedly oestrogenic, eg no 11, m which the seminal vesicles 
weigh 5(1 mg although their epithelium is inactive 
Luteimzation of the granulosa cells appears rare in unstimulated grafts 
(cf Goodman 1934 , Pfeiffer 1937 ), although occasionally seen, for example 
in the graft of no 58, killed 37 days after the transplantation More often 
the granulosa cells may enlarge and acquire eosinophil cytoplasm, but it is 
doubtful if this 18 a true glandular development, or an early stage of de¬ 
generation, since the theca interna takes no part in the process, and the 
cells remain more or less unvascularized 
In the androgemc grafts the most striking feature was irregular luteim¬ 
zation, the latter being used as a general term for the development of large 
cells of glandular appearance, with a superficial resemblance to those of 
normal corpora lutea Such luteal cells definitely originate from the theca 
• An outbreak of ear scabies had an adverse effect on many grafts 
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interna of the follicles—in other words the grafts show typical theca luteini- 
zation (fig 14, Plate 9), which was described by Hill and Parkes ( 1930 ) in 
the ferret after injections of gonadotrophic substances, and has since been 
obserc'ed elsewhere under a variety of conditions (Selye, Collip and Thom¬ 
son 1933 Guy^not and others 1933 ) Early stages of the process repre¬ 
sented by follicles of all sizes with enlarged theca cells and intact granulosa, 
are very c omnion later the luteini/ed theca cells tend to encroach on the 
granulosa os it becomes pycnotic, and eventually they form a solid lutein 
mass, often with the remains of the granulosa degenerating m the centre 
Tliecal cor j)ora lutea differ from normal c orpora 1 utea m their irregular vascu¬ 
larization (fig 12, Plate 8 , fig 17, Plate 9) and they can generally be distin¬ 
guished as such even m long-standing grafts Since these “theca luteinized ” 
cells are abundant in the more androgenic grafts, it may reasonably be 
inferred that they are the principal jiroducers of the androgenic secretion 
This conclusion is confirmed by a study of the non androgenic grafts 
listed in Table IT Three of these grafts show evidence of leucocytic infiltra¬ 
tion ancl extensive degeneration of ovarian tissue, and need not be de- 
scnbecl in detail Cells of obviously glandular ajipearaiic'e are rare or 
absent, and the stroma is dense The giaft of rat no 2 which had persisted 
for nearly 6 months in a warm room without jiroducing enough androgeme 
secretion to affect either prostate or seminal vesicles, consisted mainly of 
more or less cystic follicles with fairly healthy gianulosa There were no 
corpora lutea and only rare patches of glandular cells (fig 8 , Plate 8 ) The 
theca interna of the follicles in the graft remained almost entirely un- 
luteinized The graft of no 42 resembled that of no 2 but was in a less 
healthy condition, parts of it showing leucocytic infiltration It contained 
a few patches of theca luteinized cells In these two the enlargement of the 
jirostato as well as the seminal vesicles w as clue to prohferation of fibrous 
tissue, stimulated by the oestrogenic secretion from the graft 


4 Grafts sriMULATEn by injections of oonado- 

TROPHIC SlIBSTANC ES 

(a) Effects on the accessory organs With a view to obtaining further 
mformation about the conditions affecting androgen production, rats with 
grafts were given gonadotrophic injections of 0 4—1 0 mg daily of urme of 
pregnancy extract U P 10, at intervals of 0-133 days after transplantation, 
and killed 1-10 days after the last injection (Table Ill) Attempts to 
stimulate recently grafted tissue failed almost completely, when gonaclo- 
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trophic injections were begun 6 days after transplantation and continued 
for 10 days, only three of twelve rats had grafts at the end of the experi¬ 
ment All the grafts were infiltrated by leucocytes and apparently de¬ 
generating , the only one of these listed in Table 111 (no 184) which w eighed 
32 mg , contained patches of theca lutein cells and the t orresjKinding 
prostate showed histological evidence ot very slight stimulation The 
accessory organs in the other two rats were ot castrate tyjie 
At 14 or 16 days after transplantation ot the graft, three rats were 
injected for 10 dajs and killed one day after the last injection It was found 
that in two of the rats the grafts were degenerating, wliile in the third 
(no 129 Table HI), though the graft had loaited to the gonadotrophic 
injections, the accessory organs showid only oestrogenic stimulation 
There is no evidence to show whether the high jirojioition ot degenerating 
grafts in these particular experiments should be attribiiti d to the injections, 
but it seems to be dear that large androgeiiii grafts lannot be prodiiied 
rapidly by this method Hill found gonadotrojiliK cxtiacts useless to 
stimulate androgenic grafts in his mu e * 

In other experiments listed m Table III twenty one rats i ariying grafts 
at least two months old were injeited foi 6- 20 dajs and killed 1 14 da\s 
after the last injection Individual details of the amounts ate not included 
since the variation in the grafts did not ajipeai to depenrl on the dosage 
The grafts often underwent marked enlargement and hyjieraenua paiti 
cularly after stimulation by extract of pregnant mare serum hut although 
androgenic they seemed to bo hardly more so than control grafts of a similai 
age (Table I) This is best seen in hg I where the weights of prostates 
showing androgenic histological stimulation arc plotted against the ages of 
the corresponding ovarian grafts There is no «lear separation between the 
injected and control rats, and consecpiently no pi oof that the gonadotrophic 
injections have stimulated the androgen producing tissue to any appreciable 
extent, although it remains a possibility that this may have occurred in 
some cases The activity has not increased in proportion to the increase m 
size in the stimulated grafts (Tables I and III) 

(6) Histology of the grafts The effect of gonadotiophic injections on the 
structure of the grafts naturally varied according to the age of the latter 
and their condition when injections were begun A comparison of Tables I 
and II and exammation of fig 1 shows that the untreated sciies comprised 
adequate control material As stated above, attempts to stimulate recently 
implanted grafts were almost uniformly unsuccessful, rat no 129, however, 
which was mjected for 10 days, 14 days after the transplantation was made 
* Personal communication from Professor R T Hill 
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possessed an active functional graft which, however, was not androgenic 
Some development of the accessory glands had taken place but the glandular 
epithelium was hardly active at death Serial sections of the graft showed 
that there was irregular luteinization of the granulosa cells m cystic, 
unovulated follicles The graft contained a large proportion of such lutein 
tissue, but comparatively little luteinized thecal or luteinized mterstitial 
cells This suggested that, although the gonadotrophic injections had 
stimulated the luteinization of the granulosa, as in the immature rat ovary 
and m the ovarian grafts described by Coodman (1934), this type of 
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Duration of graft months 

Fio 1 Rolation of jirostato growth to tlio duration of tlio graft • In unstunulatod 
rats, excluding no 116, Table I x In rats receiving gonadotrophic-injections 

glandular cell did not produce androgenic secietion m appreciable amount 
A study of othei grafts, stimulated by unne of pregnancy extract, tended 
toe onhi m this conclusion Most of them showed extensive 1 uteimzation and 
the tw o types of lutein cells could generally bo distingiushed by their appear¬ 
ance (figs 16 , n.riatef)) (Iraftsshowmg extensive granulosa luteinization, 
how ever, and a small amount of theca luteinization were no more androgemo 
than others with a small amount of theca luteinization, and little or no 
granulosa luteinization Rats, nos 156 and 157 from the same group, with 
prostates of the same size, illustrate this point In rat no 156 both types of 
glandular cells are well developed and the graft consists mamly of corpora 
lutea, m rat no 157 , although injected for a longer period, the graft consists 
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of small follicles with luteimzed theca and there is no obvious luteini/ation 
of granulosa cells Again, rat no 98 had a completely luteinized graft 
when killed, in which the luteal tissue had obviously arisen from granulosa 
tells and showed regular vase ulan/ation (hg n, Plate 8) but this graft 
was not androgenic, merely oestrogenic 

TABLfc 111 Rats with okasts stimulatld bv urini of pbbu- 

NANCY EXTRA! T* ALL ANDHOUPNIC EX< LFF NOS 12<) AND 98 



Duration of graft 

days 






- - 

— 



Seminal 


Before 

Da>8 


draft 

Prostate 

V osicles 

No 

injection 

injec ted 

Total 

mg 

mg 

mg 

184 

6 

10 

22 

32 

21 

8 - 

120 

14 

10 

26 

28 

31 

16 - 

65 

61 

20 

91 

91 

169 

38 + + 

06 

61 

20 

91 

3(» 

90 

49 - 

98 

61 

20 

91 

24 

11 

27 - 

94 

73 

20 

93 

28 

166 

37 + + 

32 

78 

20 

108 

37 

118 

61 + 

82 

76 

20 

97 

86 

99 

29 + 

86 

78 

13 

92 

28t 

21 

22 - 

166 

83 

6 

89 

37 

60 

36 + 

167n 

83 

6 

00 

10 

61 

26 - 

167 

83 

10 

94 

28 

61 

60 - 

162 

83 

10 

94 

25 

89 

27 + + 

163 

81 

10 

94 

12 

44 

23 + 

107B 

94 

7 

101 

26 

79 

10 - 

41 

90 

20 

120 

29t 

61 

21 4 

99 

110 

9 

119 

22 

294 

65 + + 

106B 

117 

7 

126 

14 

267 

46 + + 

77B 

127 

6 

133 

32 

111 

to + + 

116* 

78 

6 

84 

72 

70 

32 - 

121* 

78 

6 

88 

14 

29 

10 + 

137* 

79 

8 

92 

90 

72 

47 - 

► 116, 

121 137 lecon 

ed uisUad 

, 2 ing daily 

of piegnaut iiiaie sri 

um extract 


t tiraft mhltrated bj leucocytoa 
B Rats kept on tho balcony 

Three rats with giafts received injections ot a very active extract of 
pregnant mare serum (Table III) beginning 78 and 79 days after grafting, 
in two of these the grafts were greatly enlarged when the animal was 
killed, but the effect on tho accessory glands was not yery striking The 
grafts showed extensiye well-yasciilarized, granulosa luteimzation, here 
and there, luteinized theca cells could be seen and it was probable that some 
theca coqiora lutea persisted from before the injections were begun In 
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spite of the relatively large amount of lutein tissue the seminal vesicles had 
hardly reac te<l 

Examination oi the grafts from rats which received gonadotrophic 
injec tions leaves it uncertain whethei oi not such treatment ever stimulates 
the development or function of glandular cells of thecal origin This may 
sometimes occui, especially whore the granulosa cells are no longer suffi¬ 
ciently healthy to resjiond or where the thecal cells are already taking on a 
glandular function It may be stated definitely, however, as a general 
conclusion, that gonadotrophic extracts tend to cause lutemization of the 
granulosa, and that this type of lutein tissue is not actively androgenic 


Disc nssioN 

1'lie present exiK'nments have shown not only that ovarian tissue can 
firocluce an androgenic secretion (as eailier workers have rejiorted), but 
also that this will occur lanly legularly when the thee a interna cells enlaige 
and become glandiilai Sue < c asfiil ovarian grafts consist of active functional 
tissue UK hiding large folhc les, but they differ from normal ovaries among 
other things in tlie abseiice of ovulation (Joodman (1934) and Pfeiffer 
(1937) who grafted rat ovaries into the antenoi chamber of the eye, both 
agiee that siicli grafts do not develop corfiora hitoa in normal or castrate 
males Pfeiffci as the result of his experiments maintains that the male 
rat hypophysis has a low output of luteiiu/ing hoimcmo Fully developed 
granulosa failing to luteinize, coinmunl} begins to degenerate, and under 
these c ircumstanc es lutemization of the thcc a interna c ells oiten takes place 
(cf Sc lye, Collip and Thomson 1933) In grafts stimulated by gonadotrophic 
injections, lutemization ol the granulosa may occur side by side with 
luteim/ation of the thee a (figs lb, 17 , Plate 9 ), hut the tw o processes are not 
seen together m the same follicle tloodnian (1934) found that ovarian 
grafts m castrate males c ould be luteinized by urine of pregnancy extract, 
although theie is no suggestion that these grafts were androgenic On the 
other hand it is intei’csting to note that (Juyc'mot and his collaborators 
(1933) found marked theca luteini/ation in the intact ovanes of guinea-pigs 
which showed niascuhnizing effects after pituitary injections 

Mossmaii (1937) who has studied the theca interna cells in Geomys and 
elsewhere stresses the fac t that they are glandular but distinct from the 
true corpus luteum cells and closely connected with the interstitial tissue 
of the stroma 

In these expc riments theca lutemization seems to occur independently of 
the temperature at which the rat is kept The fact that Hill (1937a, b) was 
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able to control the androgenic secretion of ovanan grafts in mice by tem¬ 
perature regulation suggests that he thereby influenced the histological 
development of the graft Cold temperatures might well stimulate theca 
lutemization, possibly through the pituitary, or possibly merely through 
having an adverse effect on the granulosa cells Incidi ntally microphoto- 
graphs of ovarian grafts in a mouse testis (Strong 1936, hgs A & B) seem 
to show theca lutoimzation, although this is not referred to by the author 

Most of the rat grafts were only slightly androgemc, and even when the 
prostate was enlarged considerably the semiqal vesules were relatively 
small or of a non glandular typo (hg 6, Plato 7 ) This disc repamy between 
pi estate and seminal vesicle growth suggests that the graft is not pioduciiig 
testosterone, the natiiially occurring androgen of the testis, but some other 
less active substance similar to androstcione, which also causes unequal 
development of the two accessory glands (Callow and I)oanesl\ 1935) Hill 
and Strong (1938), foi different reasons also conclude that the androgen 
secreted by the ovarian graft is not testosterone 

The pregnant man seium extract used was Antex ’ , kindly provided by 
Mr A Kongsted, Lovens Kemiske Fabrik, Ccqicnhagen 


Summary 

1 Ovarian grafts were made into the ears of immature castrated male 
rats 

2 All functional grafts showed oestrogenic activity, detectable by the 
fibrosis of the seminal vesicles 

3 Most functional grafts especially those established for three months 
or more, sliowed androgenic activity causing secretion and growth in the 
prostate and occasionally in the seminal vesu les One rat with a graft 
136 days old, had a prostate of full adult size, though the seminal yesicles 
were not correspondingly large The slighter response of the vesicular 
epithelium as compared with that of the prostate suggests that the andro¬ 
genic substance produced by the grafts is not testosterone 

4 Androgemc activity does not dejic nd on the temperature at which the 
rat 18 kept, it is associated with lutemization of the theca interna of the 
follicles which occurs commonly in established grafts 

6 Gonadotrophic extracts which cause extensive lutemization of the 
granulosa do not appreciably affect the audiogenic activity of the graft 
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Hill H 1 1937a hiidorrinoloi/i/ 21 495 502 
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Dll SC HI I riON oil PLVTIiS 
Plate 7 

Socliens tlirongh pioslati and siMiiiniil Msiika from tastriiti rats k igs 2 and 3 
prostati iindsiminal visiili from taatrate tontrol, tigs 4 7 prostati and si miniil 
m^skIis from iiita with o\arinii grafts 

hit) 2 S< (t ion tliiougli piostati of an iinniadiri castrati 1 at showing small tubules 
undinatliM ilinsi slainiiig 1 pitfii hum xllt) 
jiiG 1 Si I tioii 1 hiiaigh suniiml\t su li of immatuii caslrati rat showing 1 udiini ntary 
rondition x2t 

Fm I No 20 (Tahli I) Si I tion through prostati wtu le shgfit androgi me stimu 
lalion fiaa li'd to an inciiasi m the ai/e of tfii tuhiih s and restoration of tlie 
tpithi hum although thf wliolo gland w not gn atlv enhugi d x 116 
Jim 5 \o 2 (Tabli TI) Siation through hi miiial \osKle showing fibrosis duo to 
OLstrogi m< stiiniilation and intictnt opithi hum x21 
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Fro 6 No 22 (Table I) Section through semmal vesicle showing oestrogenic and 
androgenic stimulation epithelium proliferating but not yet seoretmg (+ stage) 
x24 

Fio 7 No 24 (Table I) Section through a seminal vesicle with actively secreting 
epithelium (+ + stage) induced by androgenic stimulation x 24 

Plate 8 

Sections through ovanan grafts x 30 

Fig 8 No 2 (Table II) Oestrogenic non androgemc graft 180 days old showmg 
cystic follicles and few glandular cells 

Fio 9 No 22 (Table I) Androgenic graft 162 days old showing both cystic and 
sohd follicles and abundant theca luteiniration 
Fig 10 No 116 (Table I) The most highly androgenic graft of the senes 136 days 
old showing numerous small anovular follicles with lutoini/ed theca interna 
1 10 11 No 100 (Tablo III) Androgemc graft 126 days old from a rat injioted with 
urmo of pregnancy extract for a week before death Luteinization mainly of 
thecal ongm without well defined corpora hitea It is doubtful if this graft was 
much afiectod by the gonadotrophic injections rf figs 10 and Id 
Fio 12 No 11 (fable I) Androgemc graft 169 days old showing irregular corpora 
lutea probably of thecal ongm 

Fio 13 No 98 (Table III) Graft 91 days old and hardly androgemc Stimulation 
with gonadotrophic mjections for 20 days has led to the formation of corpiora 
lutea of normal appearance donved from granulosa cells 

Plate 9 

Sections through androgemc ovarian grafts x 142 
Fig 14 No 22 (lablo I) Part of fig 9 theca luteinization 
Fio 16 No 116(1 able I) Part of fig 10 theca luteinization 
Flos 16 17 No 166 (Table HI) Graft 89 days old stimulated by gonadotrophic 
injections Fig 10 shows folliclos with luteirii/ed theca and, next to them, part 
of a corpus lutoum formed normally from granulosa cells Fig 17 shows on the 
right, a similar corpus lutoum and on the left an irregular corpus luteum which 
appears to be composed of lutemized theca cells 
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Fic 6 No 22 (fable I) Section through seminal vosielo showing oestrogenic and 
androgenic stimulation epithelium proliferating but not yet secreting ( + stage) 
X 24 

Fic) 7 No 24 (Table I) Section through a sominal vesicle with actively Bt>cretmg 
epithfliiun ( + + stag!) induced by androginu stimulation x 24 

Plato 8 

Sections through ov iinan grafts x 30 

Fid 8 No 2 (lablo Jl) Oiwtrogonic non androgonio graft 180 days old showing 
cystic follii les and few glandular cills 

Fid 9 No 22 (fable T) Androgenic graft 162 days old showing Ixith cystic and 
solid follu les and abundant tli(X,a luteinization 
Fid 10 No llT(Tablel) The most higlilv audiogenic graft of the series 135 days 
old, showing numerous small anovular follicles with luteinized theca intirna 
Fi<» 11 No 100 (Table 111) Androgenic graft 125 days old from a rat injected with 
urine of pugnancy extract for a werk before dinth luteinization mainly of 
thecal oiigin without well dohiiod corpora lutta It is doubtful if this graft was 
much affected by the gonodotrojihio injections tf hgs 10 and 13 
Fid 12 No 11 (Table!) Androgcsui graft 109 days old showing irrtgular torporii 
lutea probably of thcxjal origin 

Jio 13 No 98 (Table III) Graft 91 days old and haidly androgenic Stimulation 
with gonadotrophic injections for 20 days has led to the formation of corpora 
lutea of nonnal appearance deiivod from gtanulosa colls 

Plato 9 

Sections through androgenic ovarian grafts x 142 
Fio 14 No 22 (lablo 1) Part of hg 9 this a luteinization 
Fia 16 No 115 (Table I) Part of fig 10 theca hitemization 
Flos 16, 17 No 156 (Table TIT) Graft 89 days old Htirnulated by gonadotrophic 
injections i ig 16 shows follicles with lutt inized theca and, next to them part 
of a corpus lutoiun formed normally from granulosa cells Fig 17 showis, on the 
right, a similar corpus luteiim, and on the left an irregular corpus luteum which 
appears to bo composeil of luteinized theca colls 
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The heat of shortening and the dynamic 
constants of muscle 

By A V Hill, Se( K S 

From Uit Serhon of Btophyncs, Department of Phynology, 
Univernty College, London 

{Receired 3 Auymt 1038) 

The hoj)e wari rt(ently expressed (Hill 1937, p 116) that with the 
dfvelopment of a more ai curate and rapid tcdimquo for muscle lieat 
measuiement, a imu h moie consistent jiuture might emerge of the energy 
nlations ot muscles shortening (or lengthening) and doing jiositive (or 
negative) ccoik This hojie has been nali/ed, and some astonishingly 
simple and accurate iclations have been found relations moreover, which 
(among other things) determine the effect of load on speed of shoitenmg, 
illow the torni of the isometric contraction to be predicted and arc the 
basis of the so-called visco-olasticity ” of skeletal muscle This paper is 
divided into three parts In Part I further develojunents ot the technique 
are described e\ervthing has dejieiided on the technique, so no apology 
is needed for a rather lull description of it and ot the precautions necessary 
Tn Part IT the results themselves are described and discussed In Part III 
the “viscoelastic ’ piojjerties ot active muscle are shown to be a con¬ 
sequence of the projieities desiiibcd in Part II 

Part I Methods of measitrixo rut eneroy 

LIBERATION Ot MUSCIE 

(a) Oalmnometet ‘lyitem In the earlier stages of the present work a 
single moving coil galvanometer of rather short period (0 2-0 3 sec ) was 
employed, as described in the previous paper (Hill 1937, pp 115 and 131) 
Such a galvanometei, however, was far slower than the thermopile, and 
the mtcipretation of records obtained by it was difficult, or impossible, 
without laborious numerical analysis The galvanometer could not be made 
quicker without reducing its sensitivity too much, amplihcation therefore 
w'as necessary if recording was to be quick enough 

Now the nse of temjierature which it was particularly desired to measure 
was that associated w itli shortemng, which 111 a muscle 3 cm long allowed 
[ 136 ] 
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to shorten 6 mm proved to be of the order of 1-2 x 10“® “C The thermo¬ 
piles gave about 1600/iV ix>r 1^ 0, so the change to be observed was of the 
order of 1 5-3/iV If this was to be determmed to within 4%, it was 
necessary to avoid disturbances greater than 0 OG-0 12/cV 
It 18 frequently asked why amplification by thermiomc valves is not 
used J>r Otto Schmitt oi St Louis advises me that the present limit of 
direct measurement with valves, even for the relatively slow pro( esses 
involvc'd in this work, is of the onlor of 0 3/cV, so the direct method would 
not be nearly accurate enough Indirect methods might be used, involving 
some special arrangement designed essentially to transtorm uji the small 
potential difference, in the low impedance of the thermopile, to a larger 
potential difference, in an impedance more (onifiaiable with the input 
impedance of a valve This impedance matching might be earned out m 
several ways, the simplest of which would involve frequency or amplitude 
modulation ot a carrier oscillation and subsequent amplification at high 
audio- or ladio-fitcjuency Such a techniciuc, however, although m 
prmcqile about ten times better than jucsent galvanometric methods, is 
not at present available and would have to bo developed 
The alternative of building a finer thermopile with many more junctions, 
and using direct amplification might have a better chance of success 
Since a valve has a veiy high input imjieelance a high resistance theimofiilo 
could bo used If it weie possible to build a tliermojnle with 500 coiqilos, 
not by soldering where the limit has alrcuuly been nearly reached, but 
perhaps by electrodeposition, or sjiuttenng of the active metals upon a 
thin former and subsequently slicing the film into a thin continuous spiial, 
the desired sensitivity could be achieved The constiuction, however, of 
so fine a thermopile would require much time and effort, without any 
eertamty of ultmiate success One may conclude, therefore, that valve 
amplification may indeed be applicable to measurements of muscle heat, 
but not with jiresent mstruments oi methods (see also p 156 below) 

It was decided, therefore, to fall back on the older method of anqilifying 
the deflection of the galvanometer liy fihoto-eloctrii means, the light 
leturnirig from the mirror falling upon a differential photo-cell and pro¬ 
ducing a current which deflected a second galvanometer of short period 
(Hill 1932 , 1934 a, b, Downing and Hill 1935 ) The secondary galvanometer 
gave 20-26 times the deflexion of the primary galvanometer The lesiilting 
sensitivity was unnecessarily high, and an adjustable fraction of the curient 
from the photo-cell was “fed back” into the pnmary galvanometer m 
order to make it quicker, more stable and less sensitive (cf Watton 1935 , 
Apjiendix by Hill) By this the sensitivity could be set to the value required. 
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and any unnecessary sensitivity was not wasted but used to make the 
system quicker and more stable 

The secondary galvanometer, constructed by Mr A C Downing was of 
the type recently described (Hill 1937 , Apjiendix I), but with much stiffer 
suspension (above and below) and so a very short fieriod 

IVnod 0 0/53 see 

Internal resistance 120 ohms 

External icsistancc lor ciitical damping 500 ohms 
('oil dimensions 24 x 1 x 1 inm , wei^jlit 54 ing 
Wire 30^ cop[ier 100 turns 

Suspension lO/i phosphor hn>n 7 e, 6 mm at each tnd 
Mirror 3^x11 mm 

Si nsitn ity at 2 ni distanci, lu arl\ dainpi d I mm = 3 4 x 10^“ amp 
It was mounted on a Julius siisfamsion and was perfectly steady 
Records were made from it on a camera drum moving at 8 or 13 cm /sec 
The lower half of the light beam was intercepted by rairiois and obseived 
Himultaneously on a scale 

The primary galvanometer, constnicted by Mr Downing, was of the 
same type but suited to a lower resistance circ uit and of longer penod 

Period 0 0965 sec 

Internal resistance 44 ohms 

External resistance lor critical dumping 70 ohms 

Coil dimensions 24 x 1 3 x 0 5 mm 

Wire 40;c silver, 50 turns 

Suspension 16/i phosphor bronze, 12 mm atcochend 
Mirror 31x2 min 

Sc nsitivity at 2 in distanct 1 mm = 2 8 x 10“* arnp 

It was adjusted for the greatest possible stability by alignmg the coil 
with the suspension With the high amplification emjiloyed, the stability 
was at first insufficient (at the top of a building in London), and the 
primary galvanometer, lamp, lenses and jihoto cell were mounted together 
on a teak stand floating on mercury in a trough 78x40 cm in size (cf 
Downmg, Gerard and Hill 1926 ) A little thick oil on the top of the mercury 
helped to damp oscillations With appropriate feed-back of the photo¬ 
current the stability was now sufficient, and when the laboratory was quiet 
the amplified deflexion could be read on a photographic record to 0 1 mm 
A 12 V, 36 W motor head lamp was used with large accumulators to 
provide the illumination A large condensing lens focused the light on 
the galvanometer mirror, from which it was focused agam on the two 
halves of a large photo-cell of the rectifying type (“GMBH electro-cell’’) 
arranged differentially (m opposition m parallel) The platform on which 
galvanometer, lamp, photo cell, etc floated was heavily loaded The 
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photo-current was led to the pair of resistance boxes shown m fig 1 by 
which the feed-back was regulated R^ was usually kept at 1000 ohms the 
impedance of the photo cell was high so this did not inattir, and it was 
undesirable to lose sensitivity by short-eirmiting the thermopile with a 
lower resistance The feed back was regiilatid by adjusting as shown 
by the example in Table T 



ill 1 Circuit of (()uj)1(m 1 KaUiinomi t( rs t.', primarv throwing Iinht on to jihoto 
cell Oj HC'Condaiy P, r(<tif\ing jiliotooll two halv< s arranged in ojiposition in 
painlltl and reHislanos for udjicstiiig the fetd back to f/j iS, shunt to Wg 
for adjusting damping Th, tli< iino))]lc counocled to 


Tabli. I Deflexion of sh( ondarv oajuvanometer for 

1//A IN I'RIMABV OALVANOMUri-B 


Ri (ohms) 

(ohms) 

Deflexion (mm ) 
Period ot Gj (msec ) 


0 lOOO 1000 

1000 lOOO 300 

28 51 104 

18 24 35 


1000 1000 1000 

100 60 0 

230 360 800 

52 (33 96 


Ihe period was calculated from that obs<'rvcd without ' feed back”, assuming it 
to l>e proportional to the square root of the sc ii'-itivity 


It was found that the dainjiing of the whole system could be sufficiently 
adjusted by the shunt tS of <}^ Critical damping is not wanted It is 
better, indeed, for quickness to use the system rather underdamjied, for 
the heat production of muse le occ urs relatively slowly, and no overshooting 
occurs For working at 0'^ C where the heat production is rather small, 
i ?2 was usually about 130 ohms and the period of G^ about 60 msec This 
ga\e sufficient stability, and the amplified deflexion to a constant current 
was nearly complete in 36-40 msec For higher temperatures R ^, and the 
feed-back, could bo made greater, and the period of reduced to 36-40 
msec , with an amiilified deflexion neaily complete in 30 msec The system, 
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therefore, was fast enough to allow the thermo[)ile current to be recorded 
with very little lag For most purposes a full numerical analysis of records 
was not needed, which greatly sirnplihed and ipnckened the research 
( 6 ) Thermopile The three instruments partnularly used were similar to 
the one described before (Hill 1937 ) All were “protected" against the 
errors due to movement by having a suffiticnt set of dummy couples, or of 
similar lonstantan w'lres, at their ends The “proteition” seems to be 
very efiectivc For details see Table II below under “(Calibration” 

ThermopiU P 2 had thirty-four eonstantan-manganm couples 111 the 
“protected” jiart It was large, it was intended for the sartoni of large 
Hungarian frogs, and for reasons refened to below under “Muscle” these 
large muscles were discarded in favour of very small ones from English 
frogs This thermopile, therefore, was replaced by a smaller one It gave 
1286/<V per r C 

Thermopile P 4 had twenty-eight protected couples of constantan iron, 
sixteen protecting couples at the “thread” end, tour protecting couples 
at the “clamp” end, and a total thickness of 66 /t It gave 1415/cV per 
1° C Having iron instead of mangamn, it had a higher thermo e m f and 
a lower resistance It is short—total length, me hiding electrodes, 20 mm — 
and suited any frog’s sartorius, however small The insulation was usually 
very good, in spite of its thinness If leaks appeared, the thermopile was 
dned, thinly painted with very dilute bakelite varnish (“yacht varnish "), 
dried under a lamp and the dried varnish scraped off The liigh insulating 
properties of the mica were 111 this way restored without thickening it The 
msulation was so good although only 20p thick, that condenser discharges 
of 400 V, 0 03 pF, for the purpose of “control heating”, gave momentar'y 
disturbances only of the order of 1 mm Stimuli showed no disturbance 
at all unless the air in the room was damp This mstrurnent was used m 
most of the experiments (Dec 1937-May 1938) 

Tliormopile P 6 shown in fig 2 has forty-two protected couples, is about 
4:5p thick, and gives 1628/cV per 1 °C Being of eonstantan-manganm, 
and rather thinner, it has a higher resistance and is actually rather 
loss sensitive than P 4 It is very flat and so designed that a small frog’s 
sartorius pair hes, and moves, very accurately in the groove (4 mm wide) 
contaming the hot junctions Mechamcally, and for quickness, it is the 
best instrument hitherto constructed It has the same good msulation 
but only 16p thick, as P 4 It was used m the later experiments 
The quickness of response of thermopile P 5 to a sudden nse of tem¬ 
perature of the muscle on it, when connected to the coupled galvanometer 
system desenbed above, is shown by curve £ m fig 3 For companson 
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previous ‘ heating control” curves are given, as described in the legend 
CHirve A, from the original paper bj Hill and Hartree ( 1920 a), nsts so 
slowly that it had to be plotted on one-third the time scale The increase 
in speed, illustrated in hg 3, has made jiossiblc the experiments desenbed 



Fio 2 Thennopile I’ 5 (A C Downing) I and II to sliow construction and 
inomiting of th< nnopili rlcmint III, cornpU to uistrunii nt with muscle IV < ii 
larged diagram of (ciitinl jinrt of tin rmopilo clement I a i nd view 6, side mow, 
of inangamn constautan couph s with loiultd’ cold junctions Alternate cold 
junctions raised to avoid shoit ciicuit II (, end view of thcimopilc element between 
insulated brass flanges (/d and bakolitc e< 4 mm c<xpos<d for contact with muse 1( s 
/, stimulating leads tin nnopile li nds III h tlire nd to chain A and muscle ni on 
thermopile I silver ring to guide thrind w platinum ilictiocks p, jielvie. hone and 
acotabula in clninji q r tajs ri d brass block to carry insulated brass cover holding 
106 cc of Ruigei s fluid which is stirred bv bubbling oxvgin Before observation 
tho fluid IS removed IV central poition of element, 23 6 mm long, 46p thick 
Ixift to right n electrode s iniea alone t, thri o insulated constantan dummies 
M, forty two insulated inangamn constautan coupli's, r twintv insulah d constautan 
dummies allowing a 29% “protected ’ shortening of muscle w, mica alone n, 
elc'Otrode Resistance 6S ohms sensitivity lfl28/tV/l‘’ C The couples are of 44 s w o 
(81 /*) wire, rolled to 12/t after hard soldoring The cold junctions are loaded’’ vvith 
soft solder for 4 mm outwards to slow their wanning up by conduction 





142 A V Hill 

111 Part II the adoption of the “protetted” thermopile has made them 
accurate 

(f) Calibrahon In the piesent investij^ation heat and work had to be 
directly compared, ho calibiation of heat deflexions in absolute units of 
energy had to Ik as act mate as possible I’he method hitherto employed 
had liceti to liberate a known amount of eneigv electrically in the muscle, 
in its usual [losition on the thermopile This could not bo very exact, since 
the poition of muscle heated had to be cut off and weighed, and the 
heating near the eiectroiles could not be yery iinifoim It was found also 



Fi( 3 lo illustiate improveinont in speed ot nijothirinu ncoiding Heating 
controls -I 0 1 see hinting Hill and Hartni (ig2o«) lowirtnni scab BUiE upper 
time Hcalc B Jtartn'c (igij) 0 05 his heating thennopilo \\ II 2 (Table II), 
moving magnet galvanometer C, ditto, Moll (0 19 sic) micro’ galvanometer 
V Hill (ig 37 uiijHiblwhesI) instantaneoiiH lii ating, tlurinojalo I’ 2, Hungarian frog, 
0 22 HI I galvanoini ter F (prost nt le-si aitli) instantaiiisiUH hi ating, thi rmopile P 5, 
Lngllsli frog coupUsl galvanometers 


that the saitic amount of electrical energy in different forms (e g m single 
condeiisei discharges of different yoltage and capacity, or m re^ietitiye 
discharges) did not give precisely the same readings probably owing to 
more or less of the energy being hlierated near the electrodes with the 
different forms of discliarge This direct method of calibration had the 
advantage that it made automatic allowance for heat capacity and heat 
loss m the instniinent The present thermopiles, however, are so thm that 
their heat capacity is veiy small, and the deflexions are so ra])id that there 
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]s no time for any significant heat loss It was more ai curate therefore— 
and much simplei to calibrate them once and for all by diret t observation 
ot the p m f per 1 C difference ot tem|)erature between hot and eold 
junctions, and to allow for the heat capacity in each case 

The e m f per 1 (' was determined by connecting the thermopile, 
through a high lesistance to a (pn<k galvanomc'tci (period 0 2 sec ), and 
tiansfcrnng it lajiidlv between two baths from one tem|)eraturc to another 
'Phc tenijicratures were read with a standard thermometer, the transference 
took only a seiond, and the galvanometer gave an immediate reading 
The thermopile is so thin that its liot” junctions take the new' tem- 
jx-ratiin within a few milliseconds, while its lold’ junctions are so deeply 
embedded under metal and insulatoi that they are not affected foi several 
scionds The deflexions are calibrated by mtroduc mg a known c m f into 
the circuit, and vei\ consistent readings are obtained Details of the 
various thciniopiles aie given m Table 11 

TAm» II 


Tluckncss R<*siHtanto o m f 


1 heimo|iili 

Couples 


ohms 

/A/I ( 

Remarks 

U 1 

88 const min 

210 

22 5 

3640 

— 

VV H 2 

06 const mm 

240 

23 7 

2775 

— 

P 1 

92 const iron 

125 

01 

4200 

W hole 


64 const iron 

125 

45 

3100 

Protected 

I* 2 

64 (oust inang 

55 

1)9 

1997 

Whole 


34 coiLst inong 

55 

44 

1291 

Hrotei ted 

P 3 

52 const ninng 

70 

84 

2010 

Whole 


32 const mnng 

70 

52 

1228 

Protected 

P 4 

48 const iron 

56 

55 

2446 

Whole 


28 const iron 

55 

32 

1415 

Protected 

P 5 

42 const mang 

45 

68 

1628 

Protected 

The W H 

thermopiles are those uw 

d by Hartn e m 

his latest researches (Hartree 


1932, 1933) rho P th< riiio()ilos arc ‘ piotoctcd” ones, P 1 being the mstrunant 
recently described (Hill 1937) 


The allow am e for the heat cajiaeity of the thermopile is illustrated in 
the following example 

rh( rinopile P 5, 12/t of wiic iS/i of mien and biikflite pr = (()ft5x 12 + 0 63 
X 33)/45 = 0 69 pc for muscle = 0 92 Honen 45;t of thermopile is ciiuivaleiit in 
heat capacity to 34p of muscle Muscle pair, 90 mg 3 cm long 31 mm w'lde, 
avirage thickness 82(t/e Thus 1 temperature risi of muscle givis 820/854 = 0 96° 
temjK'rature use of tlarmopilo after eriuilibrntion Hence PC of muscle gives 
0 96 X 1628 = 1664//V and 1 cal /g of muscle givts 1564/0 88 = 1778/tV 
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In eath experiment, and usually on each sheet of records, the sensitivity 
of the system was measured by introducing + lO/iV m the galvanometer- 
thermopile circuit If 30 mm deflexion = 10/iV 1 mm =0 333/tV = (intho 
above example) 0 1S7 x 10 '* cal /g This was a usual sensitivity for 0“ (' 
For higher temperatures one half to one-third of this was sufficient The 
records were read to ,‘(j mm For corajiarison with the work, which is 
measured in g cm , the heat m cal /g is multiplied by 42,600 x (weight of 
muscle) 'J’h( muscle was cut off at its tendons and weighed at the end 
ot an experiment 

In the mffhod of calibration n(lo))tttl it is ncoi ssar\ that the thermo e m f per 
1 “( Hliouldbotlu same at the tempeintuie of th» i x|m nine nt os at that of calibration 
Ihis was ttsled with a inanganin TOnstanlaii coupli and found to bi the cas< 

{(I) Mechanical arrangements, For an investigation of the jiresent kind 
the use of a tliiead to connect muscle to lever is objectionable, because 
of its extensibility The muscle shortens more than intended, it docs work 
in stretching the thread and this work apjieais as heat in relaxation \ wire 
is better, but it is difficult to make a wire, which has to be manipulated, 
remain straight, and a bent wire stretches by straightening and is as bad 
as a thread Fine chains, therefore were used for all connexions (’hams 
intended for jewellery can be bought at Woolworth’s vStores for a few 
jiencc, and some of these are excellent They are only half as extensible 
as the best thread m the range of loads considered, they show no after- 
extension as a thread does they are perfectly tiexible they hang quite 
straight, and they can be adjusted prec isely to be just tight The best chain 
found consisted of small plane elliptical links, long axis 2 mm , short axis 
1 mm , of ( hromium plated brass wire weighing about 16 mg /cm length 

It is necessary, for ac c urate work, to bo sure of the initial tension of the 
muscle A light isotonic lever was constructed, on whic h the muscle pulled 
twenty two times as far out as the load To avoid friction the lever was 
mounted on miniature ball beai mgs ((3 MB) The load on this lever 
determined the initial tension It was connected by a chain to the main 
isotonic lever, or to the isometric lover, above it It had a thin bamboo 
pointer which was used to record movement on a smoked dium 

The mam isotonic lever was of aluminium strip and was mounted on 
ball-bearings It provided the after-load The weight in its pan was 18 3 
times the force it produced on the muscle Its stand had two adjustable 
screw stops, one at each end, the first to hold the after-load till shortening 
began, the second to adjust the amount of shortenmg allowed It was 
equipped with two electromagnets, one for holding the lever up, le in 
the initial position, one for holding it down, i e in the final position The 
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magnets were connected to the lever by threads, pr later by chains The 
first one maintained the contraction isometric until it was released by 
o[tening a key, when the muscle was able to shorten isotonically through 
the distance required The moment of release was determined, m relation 
to the beginning and end of stimulation by a thud arm on Lucas’s 
revolving contact breaker If this magnet was not used the contraction 
was isotonic (after-loaded) from the start The other magnet was actuated, 
when required, by the contact of the lever with the second stop By it 
the mam weight could be held up, and not lowered by the muscle in 
relaxation the muscle, m that case, lelaxed under the initial load only 
The isometric lever was adjusted by a separate rack and pinion, mounted 
on the same stand as the lest, and was disengaged when the mam isotonic 
lever was m use TIu (hams and the isometric lever together permitted 
0 93 mm shortening when the muscle develojied a force of 100 g 
The whole ariangement was mounted on a Palmer screw stand by 
which it could be raised or lowered jirei isely as recjuired 
It was important to make sure that, under the conditions of its use the 
system of levers employed develojxsd no considerable kinetic energy 
Otherwise the work done by the muscle would be greater than that calcu¬ 
lated from the load and the shortening This was tested as follows At 
time t sec let y cm be the disjilaeement fiom its zero position of the jiumt 
of attachment of the muscle to the lever and let P grams weight be the 
static load on the muscle due to the weights employed Let {M(dyjdt)^ 
be the kinetic energy of the whole moving system, where M is its “equi¬ 
valent mass” and has to be determined I^et us suddenly release the chain 
from the muscle (at t = 0 and y = 0) and rc( ord, on a i apidly movmg drum, 
what happens The work done by the weights is Pgy ergs and if the 
bearings be assumed fnitionless—os they nearly are—this is transformed 
into kinetic energy Hence, 

\M{dyldtf = Pgy 

or, on integration y = IPgPjM 

Exponments showed that ^/y/t was constant, from w'hich M could bo 
determined Its actual value was about 1 g This does not include the mass 
of the chain (about 1 g ) or the equivalent mass of the weights m the pans 
The latter can be calculated for example, 100 g on the “after” level 
18 equivalent to 100/(18 3)® = 0 3 g lOOg on the “initial’ le\er to 

100 /22** = 0 2g 

Let us see what effect this has High velocities occur only with small 
loads At 0° C the highest velocity of shortening observed, with a small 
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load (total equivalent mass, say, 2 6 g ), was about 4 cm /sec The kinetic 
energy is ^ x 2 5 x 4* = 20 ergs = 0 020 g cm This is quite negligible com¬ 
pared with the energy, or work, liberated by the muscle At 20° C, with 
a rather larger load, equivalent mass (say) 3 0g a higher velocity, say 
10 cm/see, might be reached the kinetic energy would be Jx3xl0* 
= 160 ergs = 0 16.1 g cm this is still negligible compared with the energy 
liberated by the muscle With heavier weights on the levers, the equivalent 
mass is rather greatei with 500 g on the “mam” lever and 60 g on the 
initial” lever it would be 3 fig , but with this, even at a higher tem- 
jierature, the velocity of shortening would be low, and the kinctie energy 
would lemain negligible For the muscles employed, therefore and the 
velocities they attained, the lover system was nearly enough “isotonic”, 
It discharged its role of maintainmg a eonstant pull on the muscle, its 
kinetic energy was negligible 

The isometric lever and the chain were not (juite as mextensible as could 
be wished but a long eonnoxion is inevitable when the muscle is mounted 
on a thermopile, and the eomplit atiem of an optical lever and photographic 
recording was to be avoided with so much else to attend to Moreover it 
will be shown below that the elastic portion of the muscle itself must be 
stretched 2-3 mm m a maximal tetanus which is several times as much 
as the stretc h ot lever and chain Work is done by the muscle in stretching 
lever and chain, o g , for 100 g tension developed, assuming the extension 
given above and normal elasticity, J x 100 x 0 003 = 4 06 g cm This 
appears m the muscle as heat during relaxation it would warm a muscle 
of 120 mg about 10-®° C it piovides a considerable jiart of the relaxation 
heat observed after an isometric contraction 

(f) The muHcle At hrst it was intended to use the rather large sartorii 
of Hungarian frogs with thermopile P 2 A pair of these had an average 
weight of 600 mg an average length of 45 mm , and each had an average 
thickness of about 1 mm It was found, however, that irregularities of the 
heat records occuired m contraction, and particularly m relaxation, which 
could be ascribed to no other cause than non-umformity of the heat 
jiroduction and of the sfX'ed of relaxation The muscles were prepared as 
carefully as possible but still the irregularities [lersistcd To get rid of 
them, either a muscle which contracted more uniformly and was less 
affected by maniiuilation, or a much thinner one in which thermal 
equilibration was quicker, was needed For both leasons recourse was had 
to the sartoni of small English frogs, averaging in weight about 80 mg the 
pair, m length 32 mm , in thickness 0 36 mm 

Since the time taken in thermal equilibration depends on the square of 



The heat of shortening and the dynamic constants of muscle 147 

the thickness, it is diminished to one-eighth by using the thmner muscles, 
and the sartoni of English frogs (which also can be obtained in better 
condition) seem to be less aftected by exiienmental procedure Being 
thinner, moreover, the initial soaking with Ringer’s solution, and the 
oxygen supply, are more effertive A hnal advantage is that, whereas the 
connective tissue covering (epimysmin) is thick and strong in Hungarian 
sartorii, it is thin and almost inijierceptible in English ones This connective 
tissue slows conduction ot heat to the thermopile, and adds to its heat 
(apacity It is dangeious to try to dissect it away for there is risk of injury 
to the surface fibres, and if these are made inexcitable, being (say) 50// 
thick, they will add gieatly to the heat capacity of the thermopile and 
render conduction much slower Even a single layer of injured fibres, on 
each face ot a rapid thermoinle such as P 5 with a heat capacity equal 
to only 34/1 of muscle would slow it m the ratio of (134/34)^, le about 
15 times and a layei oi injured fibres by liberating potassium ions would 
lie likely to affect the fibres lieneath it, and so lead to even worse results 
For exact registration ot the tune relations ot its heat pioduction a muscle 
must be quite uninjured at its surface The sartonus of a small English 
frog IS well adapted to myothermic expciiinents but very few muscles are 
For accurate work a muscle must be a regular band of tissue, veiy thin, 
contractmg and shortening stiaight and uniformly, and cpiite uninjured in 
its preparation Otherwise, with the jiresent very sensitive instruments 
anomalous or absurd results may be obtained 

The thermopiles have been mcxde even cjuicker than jiredicted in the 
previous paper by the use of the thin muscles The curve in fig la (Hill 
1937 ) was calculated tor a thcrmo|)ilc of ecjuivalent half thickness 
h = 0 0014 cm , with a muscle of thickness a = 0 1 cm on each tace With 
theimopile P 5, h = 0 0017 cm a pair of muscles of 80 mg 30 mm long 
and 3^ mm wide has « = 0 04 cm For a /6 = 0 04/0 0017 = 2J the 
following performance can be calc ulated 

“o of full ( in f 60 65 70 TS 80 85 00 95 07^ 

Time (rnscw ) 3 2 4 4 6 0 8 2 12 19 35 84 160 

This assumes no heat loss by conduction, etc , and no warming of the cold 
junctions of the thermopile Actually such changes, though small, are not 
quite neghgible, and their effect is to make the later stages of temjierature 
equihbration apparently rather more rapid 

The thermopile is now about as thin as it seems possible—or even 
useful—to make it By employing an even thinner muscle the thermopile 
response could be quickened still more It is doubtful, however, whether 
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any significant advantage would be gained by increasing the nominal 
speed of the thermopile, for it la impossible to eliminate altogether the 
layer of fluid between muscle and thermopile, and if this wore as little 
even as 5// thick on each face it would, by increasing the heat capacity 
from the equivalent of .14// of muscle to one of 47//, slow the attainment 
of temperature equilibrium m the ratio of (M/47)*, i e to about one half 
Moreover, as shown above, the connective tissue on the surface of the 
muscle must provide a certain delay Tn small active >oung frogs, pre¬ 
ferably females, this connective tissue layer is thinner but it cannot be 
avoided altogether It is doubtful, therefore w hethei a thinner thermopile 
would give any significantly better results 

It might be suggested that a single thermocouple stuck right into the 
muscle, as in the experiments on a frog’s gastrocnemius (Hill 1931 « 
(’attell 1932 ), would be quicker than a thermopile It would in fa< t be far 
slower, even if the small e m f ol a single oou]»le could be lecoided rapidly 
enough for it could not tail to injure several fibres around it, and these 
by liberating potassium would affect the excitability ol others, and the 
couple, however thin itself, would be surrounded by a relatively large 
region of inert tissue This w ould not be thick enough to hav e much effect 
on the magnitude of the final reading, but it would greatlj slow its 
attamment The jiresent thermopile is as thin as a single muscle fibre, and 
no arrangement involving thermal conduction thiough mexcitable fibres 
can compete with it 

Tor similar reasons the surface of the muscle and the surface of the 
thernuqnle must be very plane, and no muHcle with a belly” on it could 
be used When the muscle develops a tension there must be no tendency 
to pull away from the thermopile or to suck m fluid to fill up hollows 
iSuch hollows would greatly hinder conduction The muscle should he ns 
straight and as uniformly as possible it sliould move backward and 
forward as though in guides The ring I (fig 2 ) helps to keeji the muscle 
true 111 its movement The acetabnla are sbghtly off the middle line of 
the muscle, and it is best to fit the clamp slightly to one side on its rod to 
make the muscle he true in its groove The screws of the clamp allow the 
bone to be adjusted to and fro so that tlie muscles are equally m contact 
with the two faces Such precautions are not insignificant they are of 
majoi importance for accurate results Hartree in his last paper ( 1933 ) 
insisted on their necessity, and that is increased by the use of the present 
thin thermopiles In some of the earlier experiments the photographic 
records of the heat were very sharp, showmg by obvious angles the 
moments when shortening began or ended, or when the stimulus ceased 
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In others, unaccountably then, this sharpness did not appear In the 
lormer the thermal contact of active muscle with thermopile must have 
bi'en good, in the latter jioor Once it was realized that such precautions 
as are detailed above must lie and can be taken, all the rocoids have been 
sharp It IS possible to see on the heat record, within 0 01 sec , the 
moment at which shortening is iiermitted and the extra heat associated 
with shortenmg begins 

The dissection of the mustle is important, and no unnecessary bits ot 
tissue should be left attached to it The pelvic bone should be cleared of 
other muscle, so that the sheet of tendon to the sartonus is clearly seen 
If the muscle does not ho straight and flat enough on the thermopile it had 
better bo disiarded tor the results will be suspect It should be soaked 
in position on the thermopile, preferably loose so that Ringcr’s solution 
can get at both sides of it, for several hoiiis before use, so as to avoid the 
inexcitability investigated by Diiliere and Horton and by Horton {1929, 
1930) If it begins to fail the exjierimcnt should be stop2ied and the 
muscle soaked again, or discaided Otherwise it iiiav be contracting in 
jiaits, and anomalous results will ocdii lietore the Ringer’s solution is 
withdrawn the muscle should be tightened to fuess out fluid from between 
it and the thermopile and the solution should be sm k( d out slowly so as 
to chaw aw'av unnecessary fluid by oajullanty Then before records are 
begun several contractions should be allowed, to enable the muscle to 
come into regular and uniform inechannal and thermal contact with the 
thermoinle Other such jirc< autions will o(<ur to the exiienmenter, who 
will realize that without lather jierfect thorinal contact between muscle 
and thermoinle the results of laborious exiierimcnts and calculations maj 
be largely wasted 

(/) TJie effect of a non contratting layir of niitfcle on the transfer of heat 
to the thermopile We have referred above to the anomalies which may be 
produced in the heat records by a layet ot non contracting or impeifectly 
contracting muscle The two most serious cases and others are intei- 
mediate between them, are 

(I) a layer of inert material, fluid, connective tissue, or inexcitable 
fibres, between muscle and thermoinle, 

(II) a layer of inexcitable fibres on the outside, where injury may have 
occurred in dissection 

In both cases the deflexion is reduced, but the more important effect is 
on the apparent time at which the heat is set free 

(1) Let a pair of muscles, each of thickness a, have each an inner non¬ 
contracting layer of thickness b' in contact with a thermopile of thick- 
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ness 26 Then in the equations of the previous pajier (Hill 1937 ) a is to bo 
replaced hy (a — b'), b by (6 + 6 ') The effect can be seen approximately at 
once, V17 to make the apparent thickness of the thermopile 2(6 + 6 ') 
instead of 26, which would slow the rise of temperature of the hot junctions 
in the ratio of 6^(6 + 6 ')'* Now 6 is very small, e g 0 0017 cm for thermo¬ 
pile P 6 , so that if a layer 0 01 cm thick (only about two fibres) failed to 
respond the early tenifierature rise of the thtnnopile would be slowed 
(0 0117/0 0017)*= 21 times A considerable delayed heat pro<luction would 
apparently result For example, as a lough estimate in a 0 2 sec tetanus 
at 26° C, m which the initial heat is really all libeiated m about 0 3 sec , 
some 60 "/„ of that heat would apjK'ar to be delayed At 0 ° (', where initial 
heat 18 jirocluced fai more slowly the error would not be so obvious There 
IS no way, however, of avoiding it except to ensuic that the surface of tho 
muscle contains noimal active fibres in close thermal contact with tlio 
thermopile 

( 11 ) For tho case of a muscle of which a thin outer layer does not 
contract, lot us take contracting muse lo and theimopile together and call 
their thickness 6 , and let the thickness of the outer non-contracting layer 
be a Then the analysis of tho previous pajicr (p 1111 ) is applicable We 
suppose 6 to be wanned suddenly at f = 0 to temjierature The teiii- 
jierature of the thermopile (at x = fi) at subsccpient times is 

„il„ 2 V(Mj -6 ^ 

Putting a /6 = y, and transforming, this becomes 

?/„[ 1 - the sum of the areas of the iirobability integral* between 0 %jyj(kt) 
and {()5 + y)b/^(kt) between (I ^ + y) hl^'{lct) and (1 6 + 27 ) 6/V(A0 
between (2 6 + 2y) b/^J(U) and (2 5 + 3y) 6 /^ (It) etc ] 

Take y = ajf) =-i6, le suppose that tho outei part of the niusclo 
produces no heat ('onsider a muscle 1 1 mm thick on each face of tho 
thermopile, 1 e put 6 = 0 ! cm , and take A = 136xl0 * 'Then tho curve 
of fig 4 can be calculated, showing how a rise of temjierature of 1 10 
produced hy the sudden heating of the inside of the muscle drops m a 
few seconds to 1 00 as the heat is redistributed For a muscle 1 mm thick 
on each face of the thermopile, 1 2 sec is required for tho temperature to 
fall half way to its final level Thus apparent “delayed negative heat” 
may readily be observed in a muscle the outside of which is not functioning 
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With a thick muscle the effect may continue for several seconds It was 
frequently observed with sartom of Hungarian frogs, and provided one 
reason for discarding them The conclusion that this delayed negative heat 
18 not a genuine physiological phenomenon was confirmed by the fact that 
its time relations, at different temperatures, agreed in general with 
calculation With the thinner muscles of English frogs thermal equili¬ 
bration 18 much quicker the time taken to any stage is firoportional to the 
square of the thickness Thus in fig 4 for a muscle 0 4 mm thick, the 
times shoulcl be divided by (1 1/0 4)'* = 7 6, so the whole process would be 
half complete in 0 16 sec , 90% complete in 0 36 sec It can still sometimes 
be seen but the muscles of English frogs appear to behave more uniformly 
and it IS seldom troublesome 



tio 4 To show substijiient fall of temptruturo of the inner surface of a rnusele, 
1 1 mm thick, after instantaneous heating of the umei 1 Omm only, the outer 
0 1 mm not bomg heated except by subsequent conduction with cooling of the inner 
part Initial rise of temperature 1 10 hnal rise of teitipc raturo 1 00 

The delayed negative heat observed by Hartree ( 1932 ) is another matter 
altogether it occurs much later—between 4 and 40 sec at 0° (’ in a thm 
muscle—and cannot be due to any error of the kmd here discussed 
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The effect of non-uniform heating occurs very obviously m one special 
case, and explains a phenomenon which was, for a tune, very hard to 
understand When a muscle lifts a load isotomcally for a hmited distance, 
and then comes against a stop, subsequent lengthemng in relaxation is 
very rapid The tension develojicd by the muscle, while contracting 
agamst the stop, may be considerably greater than the load, and in 
relaxation the weight begms to drop only when the tension is already 
fallmg rapidly The energy of the load, i e the work done m lifting it, then 
appears suddenly m the muscle as heat (see fig 8 below) and a very sharp 
upstroke occurs on the photographic record This upstroke often shows two 
striking anomalies (see p 169 lielow) 

(i) it 18 greater than can be accounted for by the energy of the weight, and 

(ii) it 18 followed by a rapid fall (in a second or two) to a level which 
can be accounted for by that energy 

If these effects were genuine expressions of physiological activity, there 
would have to be a sudden heat production in relaxation far greater than 
the energy of the load followed by a large negative heat immediately 
afterwards, exactly conifiensating for the excess Supfiose, however, that 
the part of the muscle near the thermopile relaxes rather more slowly than 
the part outside Then during lengthenmg the load would be borne chiefly 
by the more slowly relaxing pait of the muscle, which would absorb an 
undue proportion of its energy, and so non-uniform heating would result 
The part near the thermopile would be heated more than the part outside 
and the initial deflexion would bo too groat it would then diminish to a 
steady level in a second or so, depending on the thickness of the muscle 
and on the relative positions of the cbfferently heated parts This is what 
is observed 

The difference required in tune of relaxation of the different parts of 
the muscle would not need to be great The lengthening may begin (at 
0’ C) nearly 1 sec after the end of the stimulus, and may be complete 
in 0 1 sec If the inner portion of the muscle relaxed 10% more slowly 
than the outer portion, the difference would be sufficient The supply of 
oxygen to, and the loss of CO 2 from, the inner (lortion is not so rapid as 
for the outer portion, which might be the cause of it The fact that, after 
thermal equilibration, the extra deflexion observed in relaxation is closely 
accounted for by the energy of the load gives one confidence m this 
explanation of the anomalies observed 

(g) On tfie possibility of using a resistance thermometer for musde heal 
measurements All successful work hitherto on the heat production of 
isolated muscle (or nerve) has employed thermocouples or thermopiles 
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An obvious suggestion is that a resistance thermometer might be used 
A wire with a large temperature coefficient of resistance is made one arm 
of a bndge At any given temperature the bridge is balanced with a 
galvanometer a nse of temiierature of the muscle raises the resistance of 
the wire, throws the bridge out of balance and causes a deflexion of the 
galvanometer 

The sensitivity of a given resistance thermometer is directly proportional 
to the e m f employed in its bridge Both might be increased indehmtely 
were it not for the heat liberated in the resistance wire itself In practice, 
if that heat is too great, disturbances occur which render the mcrease of 
sensitivity useless In mvothemiic experiments such disturbances are 
particularly obvious, for the muscle (for cpmkness of recording) must he 
in close contact with tlie heated wire, and differences of temperature are 
set up between different points in it When the muscle contracts cooler 
regions come in contact with the wire, and the negative effect of these may 
entirely mask the positive effect duo to the heat produi tion of the iniisi le 
itself 



Fir S Bridge for resistance thornioim ter (aim R{l + »)), in balance when a = 0 

The theory of the resistance thermometer applied to myothermic 
experiments is given below in its ordinary form it is shown to have no 
advantage in sensitivity over the thermopile, and certain disadvantages 
This prediction was tested experimentally by constructing a resistance 
thermometer of 10/c platinum wire and using it with a pair of frog’s 
sartoni under optimum conditions (see below) Its sensitivity was less 
than that of a thermofiile, even when disturbances due to the heat set free 
m it were so great as to render it useless A resistance thermometer of 
extremely thin strip or film would be better adapted than a thermopile, 
particularly with alternating current, to valve amplification The con¬ 
ditions of its employment are discussed It might be badly disturbed by 
stimulation of the muscle, by “calibration”, or even by action potentials 
The bndge shown in hg 6 is in balance when a is vero We suppose 
that the muscle lies in close thermal (but not electrical) contact with the 
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wire of resistance R, and that when it contracts its heat production warms 
the wire and so increases its resistance to jB(1 + a) The quantity a is very 
small, which simplifies the calculation Let V be the battery voltage, r the 
resistance of the galvanometer, x the current in the wire R, E and I re¬ 
spectively the e m f across and the current through the galvanometer 
Then, sufficiently nearly, 

I Va 

^ ^ (l + n)[R{\+k)+T(\ + \ln)]' ^^^ 


^ (l^v)[R{\ + k)lr + {l+\Jn)y 

__ V 


( 2 ) 

(3) 


Let the maximum allowable rate of heat production in the wire R be 
Q watts Then 

Q = Rr^=V^/R(l+nf 


Substituting for V/(l -(-n) in (I) and (2), we find 


( 1 ') 


_ «_^J{R^ _ 

R{l+k)lr+(l + l/n) 


( 2 ') 


With the limitation that Q must not exceed a certain value, we require to 
make 1, or E, as great as possible 

It 18 clear from (!') that by making n large and/or k small we can 
increase / For the greatest conceivable advantage take ^ = 0 and n= ao 
Then 


oVTO 

R + r ’ 


This, if R 18 variable, can be shown to be greatest when R = r, when it 
becomes 

l=\Xyl(Qlr) (4) 

Now the current sensitivity of a well-designed galvanometer of given penod 
18 approximately proportional to the square root of its resistance, so that 
the maximum deflexion resulting from a current / in a galvanometer of 
resistance r is proportional to I^jr, which from (4) is projwrtional to 
and 18 therefore independent of r Hence we can take any convenient 
sensitive galvanometer of given iienod and the maximum deflexion will be 
about the same 
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To find an approximate upper limit to the permissible current m the 
bndge, let us take Q to be equal to the rate of restmg heat production of 
a frog’s sartonus muscle in oxygen at room temperature This is of the 
order (calculated from Hill 1928) of 4x10 ® W The restmg heat pro¬ 
duction of a muscle at 20“ C, with an ordinary thermopile, gives a steady 
deflexion of the same order of si/e as that caused ballistically by a smgle 
twitch, and a rate of heat production in the wire greater than this would 
almost certainly cause disturbances v hen the muscle contracted 

Let us calculate the current sensitivity {xr 1“ C so that a becomes the 
temperature coefiicient of resistance The highest value of a given in Kaye 
and Laby’s Tables is 6 2x 10 * for iron and for nickel The value for 
platinum, a metal which would be more convenient for very fine wires, 
IS 3 8 X 10* With a = 62xlO* ^ = 4x 10“®, and r = 40, the maximum 
current through the galvanometer, jier 1“ C becomes (from equation (4)) 

/ = 3 1 X 10“* amp 

The thermoiule (P 4) chiefly used m the firesent work has a resistance of 
32 ohms and gives about 1400//V/l° (’, which with a galvanometer of 
40 ohms provides about 20 x 10 « amp , about 6 tunes as much as the 
resistance thermometer Anothei thermopile, with more couples, but not 
so thin, gives 3640/cV/rC with a lower resistance It would be nearly 
20 times as sensitive as the resistance thermometer It might be suggested 
that the limiting value of Q taken above is rather too low the sensitivity, 
however, is proportional only to the square root of Q, so that to equal the 
sensitivity even of the thin thermopile, the resistance thermometer would 
require a current producing heat at 36 times the rate assumed above This 
would probably cause intolerable disturbances The thermopile has no 
errors at all of this kind In the calculation we have taken throughout the 
most favourable conditions We condude, therefore, that the thermopile 
has a far higher current sensitivity than the resistance thermometer for 
myothermic expemnents Incidentally, lieing differential, it is not affected 
by gradual changes of temperature a resistance bridge would require 
contmual readjustment unless designed to bo differential 

We have assumed that the resistance thermometer is employed with a 
galvanometer, m the same way as the thermopile It is possible that the 
resistance element might be constructed of exceedingly fine wire or stop, 
or of metal film sputtered on mica, and so give a higher volt sensitivity 
suitable for use with amplifier and oscillograph Employed m this way it 
would have the advantage that an alternating current cxiuld be used in 
the bndge, which would be easier to amplify than the direct current 
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produced by a thermopile From (2') above the maximum possible e ra f 
can be calculated as before by putting a = 3 8xl0"® (for platmum), 

= 4 X k = Q and n= ao r is now the input impedance of the first 
valve which may be taken as mfanite compared with R Hence, for 1° C 
rise of temperature, 

E = a^(RQ) = 24x\0-*^R 

The volt sensitivity, therefore, increases as the square root of the resistance 
of the element, so the latter resistance should be as great as possible The 
specihc resistance of platmum is about 11 x 10 * A wire therefore, 4 cm 
long and 10/c in diameter has a resistance of 154 ohms, giving (from above) 
about 300 /cV/° C With Wollaston wire of 2/< diameter the resistance would 
be 26 times and the volt sensitivity 6 times as great, say 1600/iV/°C 
If it were possible to construct a him of sputtered platinum on mica, of 
resistance 100,000 ohms, the volt sensitivity would be about 4000/iV/°C 
This 18 nearly three times as great as that of the best thermopile made 
with very fine rolled wire, but about equal to that of thicker thermopiles 
with more couples 

If, therefore, such resistance elements could be constructed they would 
have a high volt sensitivity, and the advantage that they could be used 
with alternating current They would certainly have a very small heat 
capac ity, and so would allow very rapid recording It is probable, however, 
that far more serious errors might result from leakage of tlie stimulus 
than with a low resistance circuit The insulation (for quickness) must 
certainly be thin, and even if its resistance were infinite it would allow 
a capacitative leak between the muscle and the resistance element A wot 
muscle separated by only (say) l()-20// of insulation (as in the present 
thermopiles) from the conducting system is subjected to stimuli of several 
volts, and—if control heating is needed—to a condenser discharge of 
several hundred volts An insulation resistance of 20 megohms (and more 
could not be exjiected after soakmg in Ringer s solution) might allow only 
1 part in 200 of an e m f apjilied to the muscle, to appear between the 
ends of a 100,000 ohms strip With a 6 V stimulus however, this would 
be 60 mV, thousands of times greater than the quantity to be observed, 
and a considerable part of it would be amplified with “control heatmg ” the 
disturbance would lie still greater Even with a low resistance element, if 
its insulation is not very good a discharge between the ends of the muscle 
may be slightly short-circuited through insulation and galvanometer, and 
appreciable disturbance may occur For that reason it has always been 
evident that the insulation of a thermopile must be kept high With a 
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high resistance circuit, however, and amplification, leakage of stimulating 
(and a fortton of heating) current could scarcely fail to disturb the recordmg 
system 

It might be suggested that the muscle could be stimulated through its 
nerve, and not directly With indirect stimulation, however, of the frog’s 
sartorms, or of any similar muscle owing to the difficulty of preparing the 
nerve without mjury, there could be no certainty that the whole of the 
muscle would respond equally For an at t urate study of the time relations 
of the heat production it is essential that the whole muscle should contract 
together otherwise heat flow from one part to another may mask the true 
effects Even, however, if indirect stimulation were permissible, the 
action jjotential of the muscle itself might leak, either directly, or through 
the very high (apaoitance of the muscle separated from the element by 
only lO/t of mica, into the recording syst(*m Action potentials of 20 mV, 
separated bv only 10// of wet mica from a high resistance connected to an 
amplifier, might of themselves alone produce disturbances greater than 
the 4-8/cV which is the whole quantity to Ik measured Tt might be 
possible to design an amplifier to avoid the effect of such leaks, but its 
design would be complex, and with the very large disturbances to be 
expected, particularly m direct stimulation no certainty of success could 
be predicted 

We may conclude therefore, that for measurement ot muscle heat 

(o) a resistance element, when used with a galvanometer, is far inferior 
to a thermopile, 

(b) a resistance element to be used with alternating current and valve 
amplification must have a very high resistance, 

(c) with an element of high resistance, leaks and disturbances from 
stimuli, and even from action currents, might prove jirohibitive, 

(d) and therefore that the use of a resistaneo thermometer, instead of 
a thermopile, would probably require years of experimental development, 
with no secunty of ultimate success 

It seems bettor to carry on with the efficient thermopiles and galvano¬ 
meters already available 


Pakt II The heat ok shortenino and lenothenino and the 

INFLITENC’E OP LOAD ON THE RATE OP ENERGY LIBERATION 

(a) The extra heat associated mth shortening When a muscle mounted 
on a thermopile, in the manner and with the precautions described above. 
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18 tetanized isometnoally, the galvanometer record of its heat production 
18 similar to curves A and E, bg 6, and curves E and K, fig 7 If it is 
allowed to shorten isotonically under a small load, the record rises mitially 
more rapidly, as m curves B, G and D fig 6, and then becomes approxi¬ 
mately parallel to the isometnc curve The extra deflexion is proportional 
to the amount of shortening allowed 



Time marks 0 2 sec 



Tune marks 0 2sec 


Fro 6 Heat production during isotonic shortehmg from the start Curves traced 
from galvanometer records and superimposed Tetanus at 0 “C muscle 32J mm long, 
88 mg tune, 0 2 sec (a) Upper Shortening different distances under constant load 
19g A, isometric, B, 3 4 mm , C, 6 « mm , D 9 0 mm (fc) Uwer Shortening 
constant distance 6 6 mm under different loads isometnc, F, 31 9 u , , 23 7 u 

B, 12 8 g,y, 19g 

If a muscle is stimulated isomctrically and then suddenly released under 
a small load, it shortens rapidly and during its shortening the galvanometer 
gives a quick extra deflexion In fig 7 (c), K represents the heat deflexion 
lor a contraction which is isometnc throughout L for a contraction which 
IS isometnc at first, with release at 1 8 sec followed by 9 1 mm shortening 
under 2 9 g load M for a similar release at 0 96 sec N for the same 
release at the start The extra deflexion is the same whenever the release 
occurs, provided that the contraction is fully maintained It is pro- 
jiortional to the amount of shortening allowed, as is seen from fig 7 (a), 
curves A io D 

This sudden extra deflexion of the record implies a sudden mcrement m 
the rate of heat production of the muscle The mcrease of heat rate is 
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proportional to the speed of shortening and stops when the shortening of 
the contractile component stops the total extra heat is proportional to the 
total shortening If the load is small, the speed of shortemng is high and 
the increment m the heat rate is large if the load is greater, the speed of 
shortemng is less and the mcrement in the heat rate is smaller In hg 6 (b), 
curve £! represents the same isometnc contraction (46 g tension) as A 
J, H, 0 and F represent isotonic contractions of 6 5 mm , released at the 
start, under 1 9, 12 8, 23 7 and 31 9 g respectively With the greatest load 
the shortening was not complete m the time The heat rate was greater 
the less the load and the more rapid the shortening but the total extra 
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Time iiurks 0 2 sec 

Fio 7 Heat prmluction in isotonic shortening released during isometnc eontrnction 
Curves traced from galvanometer H'cords anil aufH>rim[jo8tHl Tetanus at 0° C 
muscle, (a) and (6) 29 5 mni , 89 mg (c)30mrn 87 mg time 0 2 sec {n) Upper 
Release at 1 2 see shortening difforont distances under constant looil 3 0 g 
A, isometnc, fi, 1 9 mm , C, S 6 min , Z), 6 2 mm (b) Middle Release at 1 2 see , 
shortemng constant distance 6 2 mm under different bails E, isometnc (45 g) 
F, 24 9 g , 0, 13 9 g , ff, 6 7 g J, 3 0g End of shortening shown by arrows 
(c)Lower Isometnc (if), release at 1 8soe (L) 095aec (A/), and start (V), shortening 
constant distance 9 1 iimi against constant load 2 9 g 
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heat was the same in each case In fig 7 (6) curve E represents the same 
isomotni contraction (43 g tension) as A J, H, G and F represent isotonic 
contractions of 6 2 mm , released at 1 2 sec , under 3 0, 6 7, 13 0 and 
24 9 g respectively Again the extra heat rate is less with the greater 
load, but the total amount of heat is the same 
With a greater load, proportionally more work is done by a muscle in 
shortenmg more slowly a given distance, but the total heat for shortening 
remains unaltered Thus when a muscle shortens it liberates extra energy 
in two mdependent forms, (i) heat for shortenmg proportional to the 
shortenmg, and (ii) mechanical work 
The evidence for these tonchiBiona is illustrated m hf^s 6 and 7 The curves were 
traced from actual records and Bupenmposod Details of the calculation reqiured 
for an accurate dctcmiination of the heat of shortening are given below (p 171) 

The heat tor shortening 1 cm is very constant from one muscle to 
another, when due account is taken of the size of the muse le In fourteen 
experiments at 0° C its average vanation from a mean value was only 
13%, which includes all ox|)enmental errors (see Table III below) Let 
a muscle shorten by an amount x cm , and let tlie shortening heat (which 
IS prtiportional to x), expressed in energy units, be ax g cm Since x has 
the dimensions of length and ax the dimensions ot w ork a must have the 
dimensions of force and we reckon it in grams weight The shortening heat 
can be expressed as though it were derived from the work done in shortenmg 
a distance x cm against a frictional resistance of a g wt 
The quantity a clearly dejiends on the size, m particular on the cross- 
section, of the muscle In a muscle of given length but of n times the 
cross sectional area the heat for shortening must be n times as great 
In a muscle of mass M, of density p, of length I and of uniform cross- 
sec tioii A, 4 = Mjpl the heat for x cni shortemng is ax g cm , so the 
apparent resistance to shortening, from which the heat can be calculated, 
is a/d g wt /sq cm of cross-section At 0" C in the frog’s sartonus the 
mean value of a/A m a maximal contraction is about 400 g wt /sq cm 
The value of a should clearly depend on the strength of contraction if, 
for example, only half the fibres of a muscle contracted, a would be reduced 
to one-half The simplest measure of the strength of contraction is P^, the 
full isometric tension We should expect o/Pq to be constant In eleven 
experiments the mean value of a/Pg was about 0 26, and the average 
variation from the mean was only 10% o is not very easy to measure 
and a considerable part of this 10% must be experimental error Thus the 
apparent resistance to shortenmg bears a rather constant ratio to the 
maximum force which a muscle can exert 
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The ratio a/Pp is constant, or nearly constant, not only from one muscle 
to another, but at different temjieratures At a higher temperature a is 
greater, but is greater too Thus ajP^ may be regarded, at least as a 
first approximation, as a natural constant for frog’s muscle If a frog’s 
sartonus tan exert a maximum fort e , then m shortening a distance x it 
will liberate heat approximately equal to g cm , which is mdepenclent 
(i) of the speed of shortening, (ii) of the work done, and (in) of the 
temperature 

(6) The rate of energy liberation during shortening Wt have seen that 
in shortening a distance r cm , extra heat ax g cm is set free If P g 
be the load lifted, the work done is Px g cm Thus the total energy, in 
excess of isometric, is (P + a) x g cm The rate of extra energy liberation, 
therefore, is (P + a) dx/dt, or (P + a)r, if v be the velocity (tm /sec ) of 
shortening 

It IS found experimentally that the rate of extra energy liberation, 
(P + a) i>, 18 a rather exact linear function of the load P, increasing as 
P diminishes, being zero when P = /}, m an isometric contraction and 
having its greatest value for zero load (see fig 11 below) We may wnte 


therefore 


(P + a) i; = 6(Po-P), 


( 1 ) 


where fi is a constant defining the absolute rate of energy liberation This 


may be written 


(P + a) (y + 6) = (P„ f ci) h - const 


(^) 


Equation (2) relates sficed and load in an isotonic shortening, it can be 
venfied separately without any thermal measurements this will be 
referred to later (p 177) It represents a rectangular hy^ierbola with 
asymptotes at P = —a, v= —h 

The constant b is of the dimensions of a velocity (cm /sec ) and, when 
due account is taken of the dimensions of the muscle, is very constant at 
a given temperature If a muscle of given cross-section be n times as long, 
then V, the velocity of shortening, will obviously be n times as great under 
a given load Hence b also should be proportional to the length I of the 
muscle At 0° C in the frog’s sartonus the mean value of b/l was about 
0 33/8ec (Table III below), and the average variation from the mean in 
eleven expenments was only 9 % Of this variation a considerable part 
must have been due to exjienmental error, so that the real vanation is 
less Thus h/l IS constant, or nearly constant, from one muscle to another 
at a given temperature 

It 18 well known that muscles can shorten, and give out energy, much 
more quickly at a higher temperature It was expected therefore that b 



162 


A V Hill 


would increase with temperature This was verified expenmentally and 6 
was found to be increased about 2 06 times for a rise of 10 ° C 

(r) Thf. energy absorbed during lengthening In the expenments illustrated 
in fi}^ 7 durinj? an isometric contraction a muscle was released and allowed 
to shorten and do work The converse experiment has been made (fig 13 
below) a muscle was allowed to contract isotonically through a hmited 
distance, and then a load somewhat greater than the isometnc tension 
was applied to it The muscle lengthened and work was done upon it by 
the load The questions to be answered weie 

(i) Is there a negative heat of lengthenmg, the converse of the jiositive 
heat of shortening’ 

(ii) Is the work done by the load in falling simply transformed into 
heat, or is it absorbed, or dealt with in some other way’ 

In pnnciple, equation (2) above, vi? (P + a) {v + b) = (Pg + a) b, could 
apply just as well to lengthening as to shortening For shortening v is 
positive and P is less than /J, as we know In isometric contraction v is 
zero and P = Pq In lengthenmg v is negative and P should be greater 
than Pq Now the fact that the force exerted during lengthemng is larger 
than m isometnc contraction, and is greater the more rapid the lengthemng, 
has been known since Fick ( 1882 ), and was examined in detail by Wyman 
( 1926 ) and by Levm and Wyman ( 1927 ) This qualitative confirmation that 
equation ( 2 ) applies to lengthemng as well as to shortening encouraged 
one to proceed 

The difhciilty in making thermal experiments on lengthenmg is that, 
unless the sjieed of lengthenmg is very low, the force developed will be 
too great for the muscle to bear For w = — 6,1 e for a speed of lengthening 
only about one-quarter of the maximum speed of shortenmg, equation ( 2 ) 
shows that P should be mhnite Even for v = — 6/6 (in an ordmary frog’s 
sartorius, about 1 6 mm /sec ) P should be I 26 Pq The reason why high 
tensions must be avoided is that active muscle apparently “gives”, or 
‘ relaxes”, or “shps”, rather like a wire stramed beyond its elastic limit, 
if the force is too great (see Gasser and Hill 1924 , p 412) No damage is 
necessarily done to the muscle, and the active state is set up again as soon 
as the force is reduied For the moment, however, a rapid “give” or 
“slip” occurs when the load is too great, and the work done by the load 
18 degraded directly into heat, as it is in ordinary relaxation when the 
stimulus ends (see fig 8 below) 

It IS necessary, therefore, to work with loads not very much greater than 
the isometnc tension, and such loads are bound to stretch the muscle 
rather slowly The extra heat for lengthemng x cm should be -ax g cm 
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but X must be small if the stretch is to be slow and the contraction not 
unduly prolonged the heat therefore is bound to be small, and to appear 
only slowly Moreover, it is apt to be masked by heat produced irreversibly 
through “give” or “slip” of parts of the mustle With the additional 
complication that the isometric heat rate varies somewhat with length, it 
has proved impossible as yet to give a decisive answer to the question—Is 
the heat of lengthening negative and equal to -ax g cm The evidence 
(see below, p 179 and figs 13 and 14) inclines to the view that it i8 
negative, but the experimental determination of its absolute amount has 
proved, as yet, to be too diffic iilt Perhaps another muscle (eg of a tortoise, 
(f Wyman ( 1926 ), or a dog-fish, cf I^evin and Wyman ( 1927 )), or a frog’s 
muscle at another season, might provide less difficulty 

The second question—Ts the work clone in stretching the muscle trans¬ 
formed into heat, or is it dealt with m some other way ? —can be answered 
decisively (sec below, p 180 and fig 14) It is not transformed into heat 
unless the load is too great and “give” or sliji” occurs With a suitable 
load, eg of 00 g on a muscle ca|iable of an isometnc tension of 60 g , 
giving a rate of stretch of about 1 4 mm /sec , the work done may disapfiear, 
almost or entirely, with little or no remamder as heat With greater loads, 
however, and quicker stretches, a large fraction of the work clone by the 
load in falling is transformed into heat and causes a rujiid ujistroke of the 
galvanometer 

It may be asked—What happens to this work? The answer might be 
that we must think of some mechanism like that of a tramway motor, 
capable of acting as a dynamo and feeding back current to the mams in 
running down hill The true answer, however, as we shall see below, may 
well be that the work transformed into heat, but the nse of tension 
associated with stretching dimimshes the rate of energy liberation of the 
muscle so much that the positive heat associated with the degradation of 
work 18 balanced by the dimmished heat production of the muscle It is 
not necessary to suppose that any part of the mechanism is really reversed 
only that it is slowed 

(d) The nature of the heat of shortening and the mechanism of the energy 
wntrol The exactness of the relations described above invites the question 
of their nature and mechanism Is the heat of shortening simply degraded 
work, done m overcoming a constant resistance a ? if so, it should occur 
also as positive heat in lengthening, since processes which degrade work 
into heat act equally m both directions The question cannot he answered 
decisively until that of the heat m lengthemng has been finally settled 
If the heat of shortening were degraded work, if a were a constant internal 
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resistance, we might expect it, as viscosity is, to be largely reduced by 
a rise of temperature actually it is increased somewhat, in proportion to 
the strength of contraction It is diflhcult to thmk of a force of this kind 
which might be present m muscle 

An objection to the idea that o might represent a real, irreversible 
frictional resistance to shortemng, or lengthenmg, is that, if it did, there 
should be a difference 2a between the loads (i) at which a muscle just 
shortens, and (ii) at which it just lengthens 2o is a fairly large quantity, 
about half the isometnc tension the difference m question, if it exists, 
IS certainly much smaller than this If, however, the heat of shortening 
be due to a ‘ reversible” change, m the sense at least that its sign is 
reversed in lengthening, and il a be only an apparent resistance, then we 
must thmk of some physical process which gives out heat in shortening, 
absorbs heat in lengthening Consider, for example, the ease of surface 
tension This has a negative temperature coefficient, so that heat is given 
out when an area exhibiting surface tension contracts and does work, 
absorbed when the area is made to expand The surface tension, for 
example, of ben 7 ene at T° K is given as cTj. = Og - 0 146(T - 7J,) The heat 
given out, therefore, in an air-benzene surface is T x 0 146 ergs/sq cm 
of contraction, which at 0 “ C is 40 ergs or about 0 04 g cm Or we might 
speculate about the heat given out when chemical affinities are satished 
by the folding up of myosin chains dunng muscular shortening (of 
Astbury 1938 ), and the heat absorbed when the molecules are drawn apart 
agam Without, however, a more concrete picture of the actual muscular 
mechanism, it is not very useful to speculate further It is sufficient to 
reahze that plausible theories can be invented to imitate this projierty 
of muscle 

The control exercised by the tension P existing m the muscle at any 
moment, on the rate of its energy expenditure at that moment, may be 
due to some such mechanism as the following Imagine that the chemical 
transformations associated with the state of activity in muscle occur by 
combination at, or by the catalytic effect of, or perhaps by passage through, 
certam active points m the molecular machmery, the number of which is 
determined by the tension existing in the muscle at the moment We can 
imagine that when the force in the muscle is high the affinities of more of 
these points are being satisfied by the attractions they exert on one 
another, aaid that fewer of them are available to take part m chemical 
transformation When the tension is low the affinities of less of these 
pomts are being satisfied by mutual attraction, and more of them are 
exposed to chemical reaction The rate at which chemical transformation 
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would occur, and therefore at which enei^gy would be liberated, would be 
directly proportional to the number of exposed aftimties or cataljrtic 
groups, and so would be a linear function of the force exerted by the 
muscle, increasmg as the force dunmished 
The isometnc contraction, on this view, does not present a special case 
Let the rate of total energy expenditure by a muscle exerting a force 
Pi be Hi, and exerting a force be //j then the expenments referred to 
above have shown that // _// -b{P-P) 


If Hi 18 greater than it is because, on this view, more chemically reactive 
points are exposed when the tension of the muscle is loss In an isometric 
contraction the rate of heat production is corresponding to tension P„ 
If the load is lowered to Pi the muscle shortens and does work, more energy 
IS required, and more energy is actually Idierated through an increase, 
proportional to (Pg-Pi) in the number of themuaily reactive points 
If the load is raised to P* the muscle lengthens and does negative work 
(work 18 done on it), less energy is required, and less energy is actually 
liberated since the numlier of chemically active points is diminished 
proportionally to (ij - ■^o) 

The question, therefore—Where does the work done on the muscle in 
lengthening go to?—is answered By raising the tension one causes a 
decrease in the rate of chemical transformation in the muscle It is not 
necessary to irnagme any actual reversal in the direction of chemical 
reaction durmg lengthening only a slowing of the reaction normally 
accompanying activity It has never been found, even with more rapid 
stretches, that the total energy rate oi the muscle is negative it is less 
than the isometric energy rate but still positive Lengthening, therefore, 
and negative work, do not cause a reversal, but only a slowing, of the 
processes associated with activity 

The high tenijierature coefticient of the constant 0 is presumably the 
resultant effect of the temperature coefficients of the chemical reactions 
by which the energy is hberated For a given tension in the muscle the 
number of chemically reactive regions may be the same at different 
temperatures if so, the temperature coefficient of 6 is simply that of the 
chemical processes Possibly, however, for a given tension, the number 
of reactive spots may alter somewhat with temperature if so, the tera- 
lierature coefficient of h is a mixture of both effects As dehned above, 
6 18 a hnear velocity (cm /sec ) but if —Pj) be the actual increase m 

the number of reactive spots, m passing from a higher tension Pgtoa lower 
tension Pj, then 6/n is a rate of energy liberation We have no idea what 
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n may be and it la simpler to leave matters as they are, remembering that 
6 18 expressed in cm /sec simply because, for convenience, the number of 
active spots is taken as equal, and not merely proportional, to 

The isometnc heat rate at 0° C, between 0 8 and 1 8 sec from the 
beginning of stimulation, when the tension has become steady, lies con¬ 
sistently between 2 and 4x10 ®, with a mean of about 3x10 ®cal/g 
X sec = 128 g cm /g x sec The extra heat rate associated with shortening 
18 greatest when P = 0, when it is of the order of 600 g cm /g x sec Thus 
during the limited interval of shortening under zero load the total heat 
rate may be 6 times as great as during an isometric contraction The effect, 
therefore, of rapid shortening on the heat production is large 

Dunng lengthening the work done by the muscle is negative, so the work 
done on the muscle must be subtracted from the observed heat to give the 
energy at tually liberated by the muscle The net energy rate of the muscle, 
so calculated, would become zero if -Pv, the rate of domg work on the 
muscle, became equal to the isometric heat rate, which—taking its mean 
value at 0° C—is 128 g cm /g xsec With the usual values for 0° C of 
a, ajPg and 6, it can be calculated that Pv - -l2Sg cm /g xsec when 
P/i^ = 1 30 and v- - 0 2b These represent a load 30% greater than the 
isometnc tension, a speed of lengthening m an ordinary frog’s sartonus 
of about 2 mm /sec This may explain why a discontmuity occurs, and the 
muscle “gives” or “relaxes”, with a load not very much greater than 
isometnc The total energy rate by the muscle gets reduced too nearly to 
zero, and the contraction cannot be maintained In terms of our hypothesis, 
an mcreased tension on the muscle may obliterate all the chemically 
reactive points of the mechanism, chemical transformation may become 
impossible, energy liberation may cease, and the muscle may relax as 
though the stimulus had been stopped Mechanically this is what happens, 
as 18 easy to venfy by suddenly subjecting a fully contracting muscle to 
a load (say) 60 % greater than the isometnc tension and it is interesting 
that it should happen m the very region of loads where calculation would 
predict It 

At a higher temperature the isometnc heat rate is greater, but b is 
greater too “Reversible” lengthening, therefore, can be quicker, but the 
relative load, P/i^, at which the discontinuity occurs should be about 
the same 

(e) Shortening heat and relamttm heat during an isometnc contraction 
In the heat records of isometnc contractions in figs 0, 7, 8, 13 and 14, the 
upstroke at the beginning is very similar to that m records of contractions 
in which shortening is permitted but smaller This, as will be shown below. 
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18 almost certainly due to shortening of a contractile component of the 
muscle, stretchmg (o) an elastic component of the muscle, (6) its tendons, 
(c) the connexions to the isometnc lever, and {d) the lever itself The 
quick upstroke at the beginning represents ‘ shortening heat” The work 
done m stretching these several elastic bodies remains as mechamcal 
potential energy until relaxation occurs, when it appears as heat It is 
the ongm of the obvious “hump” on the heat record which occurs m 
relaxation (see fag 8, curve A, below) This hump ’ is not the only source 
of heat during relaxation but is a considerable part of it It can be reduced 
by faxing the muscle ngidly at its ends, so that less work is done agamst 
elastic forces, but it is doubtful whotlier it can be altogether abolished The 
muscle may have within itself a genuine undamped elastu component its 
machinery may be elastic (See p 187 below ) 

The heat rate during isometnc contraction and relaxation is largely 
affected by these mechanical factors The present instruments are capable 
of providing a much more accurate analysis of the initial heat than any 
hitherto published It is hoped to complete such an analysis in the near 
future, with adecpiate control of the mechanical conditions affec ting the heat 
(/) The auiklen fall in the heat rate at the end of Simulation With the 
present mstruments the moment at which a stimulus stops can easily be 
detected on the heat records by an ‘ angle ’, i e by a sudden change of 
slofXJ It IS clear that the heat rate immediately begins to drop as soon as 
stimulation ends An analysis ot the records makes the drop very obvious, 
and simultaneous isometnc, mechanical records show that the tension is 
fully maintained for some tenths of a second (at 0' (.') afterwards 

In a twitch provoked by a single shock the heat has a high rate at hrst, 
declimng gradually to zero The visible mechanical effect, however, only 
gradually reaches its maximum It is natural, therefore, that in a main¬ 
tained tetanus the full tension should remain for some moments aftei the 
heat rate has begun to fall The earlier events m the chain of chemical 
processes accompanying muscular activity, although producing heat, may 
not necessarily be those which are responsible for the maintenance of 
tension 

(g) The heat of relaxation after an isotonic contraction When a muscle 
contracts and relaxes isotonically the work done on the load dunng 
shortening appears in the muscle as heat during relaxation If the load 
be great the work is considerable and the deflexion when relaxation occurs 
IS sudden and large This deflexion is quantitatively ecpiivalent to the work 
In fig 8, B 18 the heat record of the isotome contraction of a muscle 
lifting a large load, and shortening slowly as shown by the mechamcal 
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record b below As soon as the shortening was complete the large after-load 
was held up, by the device described above (p 146), and the muscle 
relaxed very late, when its tension had fallen to a low value equal to the 
small imtial load The heat record B showed only a very small “hump” 
corresponding to the degradation to heat of the potential energy of its 
elastic component as the tension of the muscle relaxed 



Fic 8 Kelaxation heat in isometru and isotonic contractions A, B and (galvano 
motor records of heat in 0 B sec tetanus at 0 C with mitial load 3 6 g Muscle 196 mg 
A, iHometni , B, isotonic after load 38 Og , held up, C, isotonic, same after looil 
but free B and C rise foster than A, owing to the shortening heat When the muscle 
lengthens under the load, the onorgj^ of the load (the work done by the muscle on it) 
appears as heat honco the rapid ujistroke in (' during relaxation C rises above B 
by an amount equal to tht work Efficiency, 30 0 % Mer hanical records below, 
with corresponding letters Kolaxation luider the small initial load only (6) wew very 
delayed Note thi small relaxation “hump” on the heat record A of the isometric 
contraction All recortls are means of a pair in a series and reverse X, end of 
stmiulus 

When the load was free to fall as the muscle relaxed, the mechanical 
record wag c and the heat record C The nse of the heat record coincides 
in time with the fall of the load, and the maximum height of (7 above B 
represents a production of heat equal to the work of the load in fallmg 
This equality is not always apparent Sometimes the sudden nse of the 
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heat record is greater than the work, but m auch cases it is followed by a 
rather rapid fall apparently representing an absorption of heat The time 
to complete this subsequent fall is of the same order of size as that calcu¬ 
lated (see p 162 above) for the redistribution of heat unevenly produced 
in the muscle When the difference between B and (' has become steady it 
corresjionds to the work Relaxation is very sudden with large loads, and 
if the inner layer of muscle, that nearer the thermopile, relaxed slightly 
later than the outer layer, it would be stretched by the falling load and 
would receive more than its fair share of the energy of the latter this 
would then be redistributed by conduction, but only after it had affected 
the thermopile The anomaly has no physiological signihcance, it is an 
excellent example, however, of the traps which beset myothermic experi¬ 
ments Without a critical examination it might have led to very peculiar 
conclusions about heat production and absorption during relaxation The 
lacts are really quite simple the energy of the load, and the energy of 
any stretched bodies m series with the muscle, are turned straight into 
heat when the muscle relaxes 

In hg 8 , curve A represents an isometric contraction it is lower than 
B for the isotonic contraction owing to shortening heat in the latter 
Relaxation is later m the isometric contraction The small ‘hump” to 
the nght represents elastic energy which is turned into heat when relaxation 
occurs 

The stimulus ended at A', and a small change in the slope of the isoraetnc 
heat record can just be detected there, representing a fall in the rate of heat 
production The ‘ angle” is less obvious than it often is 

The mechanical efficiency, i e (work)/(total energy), was high in the 
experiment of hg 8 , viz 30 6 % This was due to the fac t that the load was 
small enough for the muscle to lift it a considerable distance, and yet 
large enough for the muscle to have to go on lifting it till after the stimulus 
ended Efficiencies up to 35% have been observed These efficiencies, of 
course, cover only the initial process if the recovery process were included 
they would be about half as great Frog’s muscle seems to be rather 
inefficient as compared with human muscle It is interesting that higher 
efficiencies have been obtained with isotonic contractions than with the 
Levm-Wyman apparatus see Hartree and Hill ( 1928 a, p 243, etc ) 

(A) The ejfect of length on the isometric heat rate From the heat records 
of‘‘isometnc long” and ‘‘isometricshort” contractions (figs 6 , 7, 8 , 13, 14) 
and from the differences plotted in figs 9 and 10 , it is seen that the heat 
rate is greater at the shorter length In figs 9 and 10 , curves E, the change 
of isometnc heat rate is plotted as a function of the distance the muscle 
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had shortened Many senes of this kind have been made, and they 
consistently show that the isometnc heat rate becomes greater as the length 
becomes less, reaches a maximum, and then becomes less agam at still 
smaller lengths The relation has been examined only incidentally, in 
order to provide the necessary correction in the calculation of the shortemng 
heat it has been studied in detail by Brown and Katz, in relation to the 
tension of the musile they will report on it elsewhere 

The effect is not due at all to the heat of shortemng, for shortemng was 
complete long before the isometnc heat rate was measured The present 
experiments throw no light on its nature It is certainly genuine, and 
directly contradicts a number of earlier observations by vanous authors 
the difference is presumably due to the errors which the present methods, 
and particularly the protected thermopile, were designed to avoid Blix 
( 1902 ), for example, concluded that muscle heat increased and dimimshed 
with the length of the fabres, and was a surface—not a volume—effect 
Hill ( 1913 ) found in a tetanus that the heat was less the more a muscle 
was allowed to shorten, and Evans and Hill ( 1914 ) and Hill ( 1925 ) con¬ 
cluded that this was true for all durations of stimulus 

All these results were obtained by reading the maximum deflexion of 
a galvanometer, none of them by measuring the slofie of a continuous 
record of the heat The existence of the shortening heat was not known, 
and any mechanical work was added automatically to the total heat when 
the muscle relaxed A protected thermopile was not used, though an 
attempt was made by Hill ( 1913 ) to avoid some of the errors which it 
avoids by the use of a ‘ conical” thermopile Considerable temjierature 
differences may have existed between different points of the muscle The 
results anyhow seem to be wrong, and the moral may be drawn that all 
earlier expenments on the heat production of muscles allowed to shorten 
aie suspect and should now be repeated 

Fenn and Latchford (1933) found a slight incroaso m the differonco (boat for 
0 4 sec tetanus —heat for 0 2 tetanus) with docroaao of length Fischer (1935) 
determined the heat for raamtenanco of tension by subtractmg the heat for a tetanus 
just long enough for iiiaxunuin tension to be developed from the heat for a much 
longer tetanus Ho found a rise m the heat for inamtenance as the length was 
diminished and then a fall Hill (1925) had obtained similar results The effect 
depends to some degree on the definition of the “resting length” 

ExperiTnental evidence 

(i) The heat of shortening The evidence for the heat of shortemng is 
vanous some of it was illustrated in figs 0 and 7 The determination of 
its absolute amount has been made m three ways 
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(o) by a complete numencal analysis of the rate of heat production, 
before, during and after shortening, 

(6) by calculating the increment in the rate of heat production, when 
shortening is permitted, from the increased sloiie of the heat record, and 
comparing this with the rate of shortenmg, 

(c) by measuring the total upward displacement of a heat record, as 
the result of a given total shortening 

All three methods are complicated by the fact that the extra heat for 
shortening is measured as an excess above the isometric level and the 
isometue heat rate is somewhat different at ditterent lengths For accuracy 
it 18 necessary to make some allowance for this Since the isometric heat 
rate vanes rather rapidly at first when stimulation begins, and then 
becomes more constant, the allowance is more accuiate for later releases 
than for shortenmg at the stait 

All three methods have led to the same conclusions (a) is laborious, and 
with the quickness of the present mstruments it has no significant ad¬ 
vantage over the others (6) is easily applied and is iiuite satisfactory the 
allowance, however, for varying heat rate with length is not so accurate 
as m (c) (c) seems to give the best and most consistent results and was 
adopted m all the later experiments Details of its a])plications are given 
in figs 9 and 10 and their legends 

The muscle is stimulated isometncally and then released after its full 
tension is developed It shortens the rtipiired amount and becomes 
isometric again It might bo supjiosed that if the mstniments had no lag 
the reading at the moment when visible shortenmg ended would give the 
heat of shortening This is not so When a muscle is released part of the 
shortenmg observed is that of the clastic component previously stretihod 
by the contractile lomponent in the preliminary isometric phase, when 
the muscle again becomes isometm at the shorter length, its contractile 
component goes on shortening, and stretclmig the elastic component, until 
the full tension is develop!d Thus when shortening is checked the isotonu 
heat record continues at first to rise faster than the isometric, but at a 
rapidly decreasing rate This necessitates the extrapolation desinbed m 
the legend of fig 9 

After this extrapolation, it remains to allow for the mean extra heat rate 
(isometric), over the range of shortening considered The lighter the load, 
the less will be the time taken in shortening and the smaller the correction 
required The observed excess heat rates are plotted and a mean calculated 
for the range of lengths involved this is multiplied by the observed time 
of shortemng, and the product subtracted from the extra deflexion at the 
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extrapolated end of shortening No correction is applied for the tune 
occupied in subsequent “isometnc shortening” the correction must be 



Fio 9 To illuatrato the calculation of the hoat of shortening A, B and C, heat 
ileflexions (mm ) m excess of isometric for 2 65, 6 05 and 7 40 mm shortening under 
4 6 g load, after quick release at 1 0 sec Curves extrapolateil back to end of 
shortonmg, shown by arrows extrapolated deflexion in mm Slow rise after end of 
shortomng due partly to lag of instruments, but chiefly to oontmued shortening of 
contractile component against elastic coiiqioncnt Cur\o D, excess heat rate (above 
isometnc), when steady, as function of length From this, the mean excess heat rate 
over the range of shortemng was calculated for B and ( 7 , and a correction applied 
to the extrapolated deflexion at the end of sliortening The ri suit is shown in square 
brackets, eg [8 16], and plotteil in E against the amount of shortening Result 
o = 10 7 g wt = 383 g /sq cm , a/P, = 0 24 In F the total energy rate in another 
senes is plotteil against the load result 6=1 12 cm/sec = 0 326 length/sec 
Expenmmtal details O^C, thermopile P 6 muscle 101 mg , 34J mm , mean of 
series and reverse 1 mm heat deflexion = 0 936 g cm = 0 218 x 10“’cal/g 
Average heat rate, isometnc, 1-2 sec ,12 2 inm deflexion/sec 
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small and would be difficult to make The result gives the corrected heat 
of shortening Plotting this m g cm against cm of shortemng a straight 
hne IS obtained, the slope of which is a This proportionahty of shortening 
heat to distance shortened has been obtained many times the evidence 
18 all similar to that of curves F in figs 9 and 10 



tio 10 To illustrate the oalouiation of the heat of shortening Same muscle as 
for fig 9 but at 13° C and uutial load 7 3 g So«' legend of fig 9 ReauU a = 14 3 
g wt =613g/8(i cm , o/Pj —0 193 Expenmental details 1mm heat deflexion 
= 1 896 g cm = 0 442 x 10“* cal /g Average heat rate, isometric, 0 4-0 9 sec , 
36 6 mm defl( xion/sec 

Table III contains all the valid results obtained, with weighting iactors 
allotted according to the nature of the experiment Considenng the 
smallness of the quantities observed the results are rather consistent, and 
the mean values of the ‘ d 3 rnamic constants” there given would seem to 
be reasonably certain for the case of the frog’s sartonus It will be 
interestmg to determine the same constants in other muscles Most 
muscles are unsuited to thermal experiments of this kind, but for them 
the mdmect method is available, mvolving only the measurement of the 
speed of shortemng at a senes of different loads (see p 177 below) 
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Table III The dynamic constants oe English frog’s 

SARTORIUS MDSCr E 


a 18 given in g wt /aq cm of muscle croiw section 
o/Po i‘5 a number ■without dimeiiflioiw 
b 18 given in (muscle length)/8ec 

The numbers m brackets are the ‘ wiightH’ iihhiI iii calculating the moans 
tor the dettrmmation of a, the load lifted was usually small 


(1) 0“ c 


Exp no n J4 

a 330 (1) 344 (1) 

a/P„ - - 

b — — 

24 26 

493 (1) 126 (1) 

0 27 (1) 0 31 (I) 
0 34 (1) 041 (1) 


15 16 20 

265 (1) 362 (2) 420 (1) 

— 0 21 (2) 0 24 (1) 

— 0 38 (2) 0 34 (1) 

27 31 33 

380(1) 418 (3) 470 (3) 

0 31 (1) 0 27 (3) 0 28 (3) 
0 38 (1) 0 28 (3)0 335(3) 


22 23 

463 (1) 660(1) 

028 (1) 023 (1) 

0 30 (1) 0 32 (1) 

34 39 Mean 

366 (3) 383 (3) 399 

0 24(3) 0 24(3) 0 257 

0 30 (3) 0 326 (3) 0 331 


Exp no 
Temp 0“ C 

«/^» 

b 

Temp coeff * of b 


(u) Otfior temperatures 



36 

37 

38 

39 

Mean 

8 9 

13 6 

10 8 

13 


690 

613 

416 

513 


0 28 (3) 

U 29 (3) 

0 18 (3) 

0 19 (1) 

0 235 

0 736 

0 936 

1 09 

0 816 


2 45 (2) 

2 16 (3) 

1 82 (4) 

2 00 (3) 

2 05 


• For lO", assuming the mean value 0 331 at 0 (_’ and an exponential mcieaae 
■with tetn{>eraturc 


(ii) 7’/ie effect of Imd on the ihorteninq heat In a number of expenments 
the extra heat for shortening was determined with seveial different loads, 
1 e at several speeds of shortening, and with very different amounts of 
work done Release was eithei at the start, or later, and the methods of 
calculating the shortening heat were various The shortening heat was 
always about the same, whatever the load, the speeil or the work In 
three of the latest experiments the method used was that described in 
detail in the preceding section, which is probably the liest, and hvo senes 
gave the results m Table IV They are summarized at the end of the ’Fable 
With the smallest loads the shortening heat seems to be rather less than 
with higher loads with loads more than 26 % of the isometric tension it 
18 practically constant The difference is scarcely significant and may be 
due to some consistent error The expenments and calculations for the 
slower shortenings cannot be very exact since the shortening heat is rather 
small, and when it is spread over a longer time more allowance has to be 
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made for the change of heat rate with length, and the allowance is rather 
precanous It may be that the difference with the lighter loads is genume, 
but in any case it is very small, when compared with the great difference 
in resjiect of mechanical work 

Table IV Extra heat toR shortfnino with oiffirent loads 


All heats 

are given in rriin galvanometer deflexion 


Exp 33 Tomp 0° C’ 

Isomotrio tension F ,; 

= 46g 




(i) Shortening al 

t start 



lAiad (g ) 

19 12 8 

23 7 

31 9 

Moan 

Shortening heat (nmi ) 

08 8 1 

9 2 

8 8 

8 2 


(ii) Release at 1 2 sei 



Load (g ) 

2 7 7 3 12 5 

183 

23 7 

31 9 Moan 

Shortening heat (rnm ) 

71 77 83 

9 0 

8 0 

9 2 8 15 

Exp 34 Temp 9^ ( 

Isometric tension 7‘p = 

: 44 g Release at 1 2 

sec Two series, 

with washing botwe<*n 





Load (g ) 

3 0 

13 9 

24 9 

Mean 

(!) Shortening heat (tnm ) 0 4 

7 2 

8 2 

7 3 

(2) Shorn mng heat (nmi ) 7 2 

8 0 

84 

7 9 

Exp S') Temp 8 9“ C 

Isometric tension P, 

,= 4lg 

Release at 0 4 sec 

Load (g ) 

7 1 

18 1 

24 0 

Mean 

Shortening boat (inm ) 

5 'J 

0 2 

0 1 

59 


SiiiiiiTiary 




Ijoad (g ) 

1-10 

10- 20 

20-30 

30 + 

Shortening heat average 

89 

102 

108 

104 

% of mean 






The general ooiulusion is borne out by a consideiable numbei ot other 
incidental results For example (i) the total heat rate has been found to 
increase linearly with the rate of sliortemiig (varied by altenng the load), 
(a) the shortening heat, when determined for a larger load but not for a 
smaller one, has been toiind to be ol the usual order of sue as given in 
Table III (in) in one exiiennient at 0^ (', for some unknown reason, no 
allowance was necessary lor dilierence of heat rate, short and long in this 
exiiennient the following total deflexions were observed at 2 0 sec , for 
5 6 mm shortening, release at the start 
Isometric 31 1 mm 

Isotonic 2 6 g , 37 9 mm 8 0 g , 39 6 mm , 19 2 g , 38 5 mm , 24 4 g , 
38 1 mm 
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The cumulative effect of this evidence is rather convincing, and as a 
first approximation at least we may conclude that the heat for shortening 
18 independent of the load, the speed and the work 

(m) Tlieraie of energy liberation as a function of load It is now established 
that, in shortening a distance x, extra heat is liberated equal to aa: g cm 
The work done is Px g cm the total excess energy hberated is (P + a) a; 
the rate of excess energy liberation therefore is (P + a) r, bemg dxjdt 
In a number of experiments, with a senes of different loads, with a 
already determmed (as above) by thennal measurements, and with v read 
off directly from the mechanical records, the quantity (P + a) v was plotted 
against P with the result shown, for the last seven experiments, m fig 11 
A Imear relation clearly exists between the energy rate and the load, both 
at 0® C and at higher temperatures Thus 

(P + o)i; = h(Po-P), 






Fici U Heliit ion betwtiai ixcess energy liberation per set onil ami load From the 
last seven cxfieriments made, without selection Horizontally, total load lifted = P 
Vertically (P-ta)v whore a was calculated from the heat of shortening ( = ax) 
observed in the same exiienment, and v(=: dx/dt) was the speed of shortening 
observotl under load P 
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where 6 is a constant and Pq is the isoraetno tension The values of 6 
obtained m the present research are given m Table III The temperature 
coefiicient for 10° C is about 2 06 



Fiu 12 Relation b«!tw«en loud (g wt ) and speed of shortening (cm/sec ) in isotonic 
contraction Loch circle is the mean of two observations in a senes and reverse 
Muscle, 166 mg, 38 mm, in Rmgor’s solution at 0 C Tetanus 11 shocks/soc 
observations at 4 min intervals 6 0 inra shortening The cure e is calculated from 
the equation (R+ 14 36) (i)+ I 03) = 87 6 Hence n = 14 36 g wt = 357 g /sq cm , 
afP„ = 0 22, 6 = 1 03 cm /sec = 0 27 length/s. c 


(iv) The relation between load and speed of shortemraj in an isotonic 
contraction The hnear relation deson bt d in the preceding section mvolves one 
thermal measurement, that of the shortening heat from which a is derived, 
and the proof, by thermal measurements, that a is the same for different 
loads The resultmg equation however written (P +a) (i; +6) = const can 
be venfied by purely mechanu al measurements and the constants a and h 
can be derived, without thermal measurements at all, by fitting the 
equation to the observations of P and v It is important that the values 
of a and b so derived are similar to those directly obtained by the method 
already described in particular that, when observations by both methods 
are available, the value of a deduced from the shortenmg heat is the same 
as that obtained by fittmg the equation to the P-v measurements 
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An example of the relation between speed and lo 6 id m an isotomc 
shortenmg is shown by the experimental points in fig 12 , together with 
a curve calculated from the equation with the constants given in the 
legend The fit is good, and the constants are similar to those of Table III 
The form of the exfienmental relation is very like that of Fenn and Marsh 
( 1935 ) the equation is difierent, but see p 183 below 



Time marks 0 Isec 



A 


Fid 13 Heat production (luring lonuthoning Below wotonic contraction 15 75 mni 
under 2 5 g load then/I woinetnc short ’ 40 g tension B loaded at about 0 8 sec 
with 51 7 g C with 67 2 g D with 02 Sg Above corresponding heat deflexions 
also E, ' iHonietra long’ traced from actual records and supi rimposisl Note that 
in later stages B C and D have a rather less slofie than 4 and about the same as E 
Tetanus, 2 sw ()“,{’ muscle 30 mm long 87 mg , tinic'0 2 sec 

A further investigation of the relation between load and sjieed is lining 
made by Katz and by Bater on the muscles of frogs, tortoises and marine 
animals, in order to obtain a wider survey of the dynamit constants of 
muscle 

The great! st velocity of sliorti niiig vi? at zero load from tlif eipiation, is bPg/a 
With the nil an constants of Table III for the frogs sartoiius this is fl 331/0 257 
= I 29 X (muscle leugth)/sec with a tomperaturo loefticnnt ol about 2 O’! for 10° C 
The greatest late of extra encigj liberation is also with zero load its mean value 
at 0 {' IS a> max = 389 x 1 29 g cm /c c x see = 399 x 1 29 x 0 96 g cm /g x sec = 490 
g cm /g xsic = 11 5 X 10 ’ lal/g x sec This is about 4 tunes as large as the 
isometrii heat rate 

(v) The heat and emrgy hberahon during lengthening Typical heat and 
mechanical records, for a muscle lengthening under a load rather greater 
than the isometric tension, are given m fig 13 The “isoraetnr short” 
tension was about 41 g , the “isometnc long” tension, not recorded, was 
probably somewhat larger The heat rate, “isometnc short” was rather 
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greater than “isometnc long”, which is a complication in mterpreting the 
results of lengthening 

The immediate effect of subjectmg a frog’s muscle to a load greater than 
it can bear is to cause it to lengthen, rather rapidly at farst, and then, if 
the load is not too great, more slowly The first more rapid lengthening 
18 “irreversible”, in the sense that the energy of the load is largely turned 
into heat, and a quick upstroke of the heat record occurs If the load is 
too great (F, hg 14 below) the muscle rapidly “gives” the contractde 
state so to speak collapses, an<l the heat record (not given in fig 14) shows 
a large and sudden nse rather like that (hg 8 above) in ordinary relaxation 
with a heavy load 

OasHtr and Hill (ic^24, p 411) found that Iho quick strctih of a k'tanued frogs 
muscle ilid not cause the tension to rise suddenly but only slowly aftei the stnitch 
to thi value corresjionding to the greater length They suggi sted that some structure' 
prodiK (d or inodifieil h;y stimulation, yioldeil ’ iindi r a sudden iiso of tt'iision With 
the longitudinal muscle of the body wall of Ilololhurta (Hill 19266) a cjuick stretch 
firoduci H the expected use of tension the converse of the fall of tension on release 
appnri ntly this mtiHile does not so leadily gice’ on stretching Levin and Wyman 
(1927) founil largo increases in tension on stretching the muse Us of dog iiah, Hololhur id 
and Echinm but only small m< reases with those of tort.oise and crab Some muscles 
ajiparcntlj givi ’’ more readily than others 

With a smaller load, after the first ‘ irreversible” lengthening the 
muscle proceeds to lower the load by a process ajiparently similar to, but 
the converse of, ordinary motomc shortening During this phase the energy 
of the load does not reap{iear as heat, and the heat record runs approxi¬ 
mately parallel to that of an isometric contraction In curves B and (\ 
fig 13, the muscle, while lengthening slowly, appears to give out heat at a 
rate definitely less than ‘ isometric short”, about the same as “isometnc 
long”, slightly less than would correspond to the isometnc rate at the 
intermediate length at which it is at any moment This slight deficit, if 
genuine, is to be attributed to the negative heat of lengthenmg, the con¬ 
verse of the positive heat of shortenmg It occurs so slowly, however, and 
IS so small, that it has proved impossible to measure it, or even to be quite 
sure of its existence The process cannot be mode to occur more quickly 
(at any rate m frog’s muscle) without increasing the load, and that causes 
“irreversible” lengthenmg which disguises the whole effect 

There is no doubt, however, of the mam conclusion, viz that the rate 
of energy liberation by the muscle is considerably diminished during 
lengthening under a load In fig 14 the heat record (6’) of the muscle 
lowering a load appears, as in fig 13, to nse slightly less rapidly than the 
isometnc heat records, either long (A) or short {B), duo to the negative 
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heat of lengthening From the observed heat has been subtracted the 
work done by the load on the muscle The difference is shown by D The 
immediate drop is due to the fact that part of the energy of the load is 
mstantly used to stretch the elastic uimponent of the musi le After that, 
D rises considerably more slowly than A or B throughout its course But 
D represents the total energy given out by the muscle, which—as is seen— 
IS much less ui lowering a load 



Fio 14 Heat production (luring lengthening A heat rocoid of isometric contraction 

isometric long ) B heat record of shortsining 6 6 nun under 2 2 g , followed by 
“isometric short” B is above ^4 because of the shortening heat C, heat record of con 
traction similar to B, but loaded at (»«2 soc with 68 6 g E, mechanical record of 
shortemng under 2 2 g , followed by lengthening under 58 6 g Note the rapid fall 
at hrst, accompanied by a rapid boat deflexion (C), and the slow longtlienmg later, 
accompanied by a heat rate slightly less than in A and B D, not energy liberated 
during lengthening i e (heat) — (work) note that this rises much more slowly than B 
and C F, sudden “give” of muscle under 08 2 g , accompamed by a very large and 
sudden heat deflexion (not shown) Each record is the mean of a pair, in series and 
reverse Tetanus, 3 sec , 0“ C, muscle 29 mm long, 89 mg 

This experiment has been made many times, and the result is always 
the same unless the load is so great that immediate “irreversible” re¬ 
laxation occurs The linear relation, therefore, shown in fig 11 above 
between energy rate and load, can be continued to the right, i e to loads 
greater than the isometric tension, and to negative rates of extra energy 
liberation No attempt has been made to verify the relation quantitatively 
in this region, but this might possibly be done It should not be too 
difficult to get mdiroct evidence by continuing the expenmental relation 
between load and speed (fig 12 above) to loads greater than isometnc, to 
see whether the equation (P + o) (u + 6) « const applies also to the 
extension 
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Part III The visco-elastic properties of active muscle 

The idea of muscle “viscosity” was proposed, m its modern form, by 
Hill (1922) to account for the decrease of force with increase of speed in 
the shortemng of human arm muscles This relation between force and 
speed of shortening does not depend upon any intervention of the nervous 
system, it is an mtnnsic property of muscle itself, as Gasser and Hill (1924) 
found with isolated muscles and many have found smce Whether it is due 
to “viscosity” or not, this decrease of force with increase of sjieed is one 
of the major factors in the dynamics of muscle 

In a general way many of the facts had long boon known Fick, for 
example, was aware that a tetanized muscle did less work if it shortened 
more quickly against a smaller mass, and had supposed (1882, p 67 ) that 
a greater part of the energy of its elastic forces was then used m over¬ 
coming internal resistances and degraded into heat The^e internal re¬ 
sistances, he wrote (p 130 ), were naturally greater the more rapid the 
movement Blix (1893), to account for after-extension, likened the restmg 
muscle to a spring niovmg m a visoous fluid There had been, nevertheless, 
no very precise formulation of the problem, and little attention had been 
paid to it Since 1922 , however, much work has been done, and the term 
“visoo-elasticity of muscle”, although implying a theory which is certamly 
imperfect, has served at least to provoke many new exjieriments and to 
focus attention on a very real and important problem 

It may be useful, smce a rather drastic ihanRe is now Iming proposed in our view 
of the ‘ VI8C0 elasticity’ of inasole, to refer here to i)a{x<rs published m the last 
16 years on the subject 

A On human muscle Hill (ig22, 1926a 1914c) Hansen and Lmdhard (1923), 
Lupton (1922,1923) Furusawa, Hill and Parkinson (1927) Best and Partridge (1928), 
Dickinson (1928, 1929) Muller (1930), honn (1930a. b, 1931a b, 1932), Fenn, Brody 
and Petrilh (1931), Fenn and Garvey (1934) 

B On isolated unstrtated muscle Hill (1926a, 6) Winton (1930, 1937), I^vin and 
Wyman (1927), Sulzer (1928, 1929), Bo/kr (1930 1931, 1933 1936), Bayliss, 

Boyland and Ritchie (1930), van Overbook (1931) do Najor and Bouckaert (1932), 
Postma {1933), Jordan (1933), Bouckaert and Delruo (1934) bhukow (1936) 

C On isolated striated muscle Gasser and Hill (1924), Hill (1926a, 19316), Levm 
and Wyman (1927), Bouckaert, Capellon and do Blende (1930), Petit (1931), Omuma 
and Hayashi (1932), Cattell and Edwards (1932), btevens and Snodgrass (1933), 
Stevens and Metcalf (1934), Brown (1934), Fenn and Marsh (193s), Fenn (1936), 
Hursh (1938) 


D General Wober (1933, p 139), Jordan (1935) 
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E On the effect of work and ahoHentng on the heat production of muscle Fenn (1923, 
1924), Azmna (1924), Hartroo (1925, 1928), Hill (1925, 1930), Wyman (1926), 
Hartree and Hill (1928a, h), Martin (1928), Cattail (1932), Feng (1932), Fenn and 
Latohford (1933) 

The following facts are clear 

(l) active muscle, at least as ordinarily jirepared and used, contains an 
undamped elastic element if, during maintained isometnc contraction, the 
muscle be instantaneously released, the tension does not fall to zero unless 
the amount of release be sufficient to allow the undamped element to 
reach its natural length, 

(11) active muscle contains an apparently damped element, m series with 
the undamped elastic one, tlie former, if allowed to shorten, exerts a 
force which is smaller the faster the shortening, until at a certain speed 
it exerts no force at all at more than that sjieed it cannot shorten, 
conversely, if made to lengthen, it exerts a force whicli is greater the faster 
the lengthening, until at a certain speed it “gives” like a wire stressed 
beyond the elastic limit, 

(m) resting muscle contains the elastic element (1), but only to a minor 
degree the apparently damped element (11), 

(iv) the active state is set up much more rapidly than the isometric 
tension, as is shown by applying a quick stretch at vanous moments after 
a stimulus 

Vanous suggestions have been made to account for the facts The first 
and obvious one that muscle is endowed with viscosity ”, resisting change 
of shape, was soon found to require that the viscosity should be very much 
higher dunng activity than at rest—at least m striated muscle It was 
unlikely, therefore, that simple viscosity alone was involved more hkely, 
that a molecular rearrangement had to occur when an active muscle 
altered its shajie Fenn, however, in 192 . 1 , had found that when a museJe 
shortened and did work it gave out more total energy than when it 
remained isometric he has several times msisted that this—called by 
others the Fenn effect—is probably the basis of the apparent viscosity In 
a recent paper (Fenn and Marsh 1935) he showed expenmentally that the 
relation between speed of shortemng and load in an isotomc contraction 
cannot be deduced from the simple hypothesis of a two-component, (un¬ 
damped elastic)-(damjjed elastic) system He found, however, satisfactory 
agreement with an equation which assumed that the true internal muscle 
force fell off exponentially as the velocity increased Why it should do so 
he could not explain, but he argued that the rate of development of 
“shortemng energy” from chemical potential energy is of paramount 
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importance m determmmg how fast a muscle can shorten imder a given 
load Less clearly defined, his view was much the same as the present one 

The relation found experimentally by Fenn and Marsh between speed 
of shortenmg and force exerted m an isotonic contraction is the same as 
that shown m fig 12, to which, as we have seen, the equation 
{P + a) (v + b) — a, constant 

apphes Their only experiment at 0° C of which details are given is m 
their Table I, p 284, and the equation 

(P+460) (i; + 0 36) = 870 

gives a very satisfactory fit * The values a = 460 g /sq cm and 6 = 0 36 
length/sec agree well with those found on English frogs here Fenn and 
Marsh give mean values of the constants of their equation, for frog’s 
sartorii at 0° C and at 23° C Calculatmg a mean curve from these constants, 
it 18 possible to fit the equation (P + o) (t> +6) = const to the curve, at 
0° C with considerable accuracy, at 23° C with sufficient Numbers re¬ 
calculated from the present equation and plotted m Fonn’s way he on 
good straight lines The equations are not the same, but the experiments 
on shortemng alone cannot decide between them The values of the 
constants a and 6 which give the best fit are 

0° C a = (J40 g /sq cm , 6 = 0 69 length/sec 
a/mean = 0 38 

23° C a = 740 g /sq cm , 6 = 1 82 length/sec 
a/mean Pj = 0 26 

Without the ongmal data this roundabout calculation from the means, 
via Fenn’s equation, cannot be very precise, but the result is satisfactory 
in three ways 

(i) m giving values of a and b of the same order of size as have been 
found in London on different frogs, 

(ii) m showing little effect of temperature on o/Pq, and 

(ill) in showing a large increase of 6 with rise of temperature 

It 18 clear, therefore, that the results of Fenn and Marsh are entirely 
consistent with those recorded above, and that the simpler equation 
(P + a) {v + b) = const may be regarded as correctly describmg the 
shortemng of muscle under constant load The great virtue of constant 
load IS simply that it eliminates one vanable, it avoids change of length 

* Professor Fenn, in a private communication, states that all the velocities and 
shortenmgs with his frog lever are given twice as great as they ought to be 
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of the undamped elastic component If load be not constant, then the 
elastic element will vary m length as the load vanes to it we can then 
apply the ordinary rules for elastic bodies To the contractile component 
(better so-called than “damped elastic”) the characteristic equation still 
apphes, P and v no longer bemg constants m any contraction, but functions 
of the time related to one another by the characteristic equation The 
apparent “damping” of the contractile component lies in those factors 
which determine its characteristic equation, viz , as Fenn has mamtamed, 
m the manner m which the energy supply is regulated 

The experiments on heat and energy m lengthemng (figs 13 and 14 
above) make it impossible any longer to regard “viscosity” as the primary 
cause of the effects observed in active muscle Dunng lengthemng, at not 
too high a sjieed, the rate of heat production is certainly not greater than 
in an isometnc contraction and is probably slightly less If “viscosity” 
were the chief reason for the slow lengthemng, it would undoubtedly be 
greater The rate of energy liberation by a muscle is considerably diminished 
during lengthening, considerably mcreased dunng shortemng these facts 
find no explanation in the “viscosity” hypothesis, but themselves provide 
an explanation of the other facts on which the “viscosity” hypothesis was 
based As Fenn has pointed out, simple viscosity should provide a Imear 
relation between speed and load it has long been recognized that the 
actual relation is not linear It was always possible, however, m a complex 
histological structure like muscle, and with a “viscosity” which might 
really depend on the reorganization of the protein molecules m new 
crystalline patterns as the muscle altered its shape (Hill 19316 , p 120), 
that a less simple relation between load and speed might be found The 
“viscosity” hypothesis, therefore, must be dismissed, not for these reasons 
but because it gives no explanation of the large alterations of heat and 
energy liberation during shortening and lengthenmg, and because, from 
those alterations themselves can be deduced, as a necessary consequence, 
the facts which the “viscosity” hypothesis was intended to explam The 
muscle may still have visco elastic properties, but they are less important 
m its behaviour than the other projierties of shortenmg heat and energy 
regulation which we have discussed 

The general conclusion, therefore, is plam The active muscle is still a 
two-component system, consistmg of an undam^ied purely elastic element, 
in senes with a contractile element governed by the characteristic equation 
(P + a) (v + b) = const There may be, mdeed there must be, visco-elastic 
and probably purely viscous elements as well Convincing evidence for 
these, m the resting—at any rate 111 the dead—muscle, is found in the 
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irreversible thermo-elaatio eflFects (Hill and Hartree 19206 , Feng 1932 , 
Meyer and Picken 1937 ) and perhaps in the phenomena of prolonged after- 
extension (cf Winton 1930 ) Their contribution, however, is small in the 
active stnated muscle, compared with that of the two mam components 
in the unstnated muscle genuine viscous and visco-elastic factors may 
conceivably be more important The active stnated muscle, however, is 
chiefly a contractile element governed by the characteristic equation, in 
senes with a purely elastic element 

It 18 not necessary here to attempt to show how all the so-called visco¬ 
elastic properties of stnated muscle can be denved from the conception 
of a two component system many of them obviously can others, par¬ 
ticularly m the case of twitches or short tetani, require special assumptions 
as to the manner and sjieed of disapjiearance of the active state of the 
contractile component when a stimulus ends The maintained contraction 
IS simpler Three examples of that are of special interest 

(o) the form of the isometric contraction, the rate of development of 
which (an be deduced quantitatively from known values of a and 6 and bf c, 
the amount of stretch of the elastic component, 

( 6 ) the form of the force-distance curves (Levm-Wyman), during 
shortening at constant speed, 

(c) the greatest rate of doing work 

(a) The isometric contraction Assume that the contractile component, 
of initial length stretches the elastic component, of initial length 1 ,, the 
subsequent lengths at time t being and y, resjiectively Assume further 

( I ) that the active state of the contractile component, dehned by the 
equation {P + a) (t>-t- 6 ) = const, is set up instantaneously on stimulation, 
and maintamed by a tetanus Gasser and Hill ( 1924 ) showed that it is 
certainly set up very rapidly, 

( II ) that the elastic comjxment is jierfectly elastic, so that the force P 
IS proportional to the stretch (y, - Z,), 1 e P = a(y^ — I,), where a is constant, 
and 

(ill) that the amount of shortening of the contractile component is 
small enough to allow P^, the full tension at any of the lengtlis involved, 
to remain sensibly constant 

In an isometric contraction the rate of shortenmg of the contractile part 
18 equal to the rate of lengthemng of the elastic part, so that 
V = —dyjdt = dyjdt = {dPjdVjja 

Substitutmg for v 111 the characteristic equation and multiplying by a, 
we obtam (p ^ + acb)== const = (Po + o) a 6 ( 1 ) 

13 * 
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Consider the equation 




P/P, ^ toA/Pp 
1+o/i^ l+a/Pf) 


This IS a solution of equation (1), as is seen by diflFerentiating, and it 
satisfies the initial and final conditions that P = 0 at < = 0 and P = i, 
at < = 00 Hence it represents the form of the isometnc contraction, i e 
P as a function of t The nght-hand side can be simplified, since PJa. = the 
amount of stretch of the elastic component under the full isometnc 
tension = c Replacmg natural by common loganthms the equation then 
becomes 


, / 1 \ 0 4343P/Po 0 4343«A/c 

log.o^l_p/pj 1+a/P, - l+a/P„ 


( 2 ) 


Now we have seen that a/JFj, is approximately constant from one muscle 
to another and from one temperature to another, so that for frog’s skeletal 
muscle (l+a/Po) is usually about 1 26 At 0°C the mean value of b is 
about 0 36 (length)/sec and c depends on the amount of tendon, on the 
force developed and on the elasticity of the lever used to record the 
response according to Gasser and Hill c is about 0 1 to 0 16 x (length) 
We have found it usually rather less for the sake of calculation let us 
take c 0 1 X (length) Then for the frog’s sartonus at 0° C the isometnc 
tension should develop according to the equation 


logio ^ 3<t74P/P, = 1 216< 


For 16° C, assuming o/P, to be the same, 6 to be increased three times and 
c to become 0 12 (the force exerted being rather greater), the left-hand side 
of this equation remains unaltered, the nght-hand side becomes 3 04< 
In fig 16 two curves are drawn, for 0 ° and 16° C, from these equations 
They are exactly similar to isometnc contractions expenmentally observed 
Direct evidence for the agreement of calculated and observed isometnc 
contractions will be given m a later paper by Katz 
Gasser and Hill ( 1924 ) and Hill ( 19266 ), from their expenments on qiuck 
releases dunng mamtamed contraction, concluded that the “process 
determimng the speed of redevelopment of tension after release is identical 
with that determming the speed of mitial development of tension” 
According to the present theory this is necessarily the case, for m both, 
1 e in initial development and m redevelopment of tension, the contractile 
component has to shorten against the mcreasmg force of the elastic 
component Apart from the fact that Pg might be rather less in re- 
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development at a shorter length—which would alter c—the equations 
would be identical 

A simple test of the theory was made by taking advantage of the fact 
that, m equation (2), c can be increased arbitrarily at will by placing an 
elastic connexion between the muscle and the lever If c is mcreased, t will 
be increased m the same proportion and the contraction, remaining 
exactly similar, will be slowed This was easily verified Further, by 
increasing c by a known amount and finding the ratio of the times for a 
given development of tension, the absolute value of c can be determined 
without a quick release These experiments will be described in more detail 
elsewhere by Katz 



Fio 15 Isometric contractions of frog’s sartonus at 0“ and IG^C, 
calculated from equation (2) with the constants given in the text 


The shortening of the contractile component and the lengthenmg of the 
elastic component in an isometric contraction should have two thermal 
consequences which are readily verified (cf p 167 above) 

(i) durmg relaxation the stretched elastic component should shorten 
agamst the falhng tension of the contractile component, and its potential 
energy should be transformed into heat, 

(n) during the initial development of tension the contractile comixment 
should liberate extra heat for shortening, which would exaggerate the 
early rate of heat production 

As regards (i), assuming perfect elasticity, the potential energy is ioc/2, 
which if c = 0 1 X length becomes 0 05/J x length In a typical muscle of 
100 mg , 3 cm long, developing a force of 60 g , this is 9 g cm , or 
1 9 X 10'® cal /g , a fairly considerable amount The “hump” on the heat 
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record which regularly occurs in relaxation, at the time when the tension 
18 falling, is just of this order of quantities The whole of the relaxation 
heat does not occur m this hump, but a large part of it does Accordmg 
to Hartree and Hill (19286, p 12) the relaxation heat after a tetanus is 
about 0 12/Jx length, and about one-half of this must have been derived 
from the potential energy of the stretched elastic component The re¬ 
mainder 18 presumably an accompaniment of the disappearance of activity 
m the contractile component 

As regards (u), if the contractde element shortens by an amount 
0 1 X (muscle length), it should give out shortening heat 0 lo x (length) 
In the above example, assuming o/fj = 0 2fi, a = 16 g , so the shortening 
heat comes to 4 5 g cm or 0 96 x J0-* cal /g This is large enough to be 
an important factor in causing the early high rate m the analysis of the 
heat production of an isometric contraction 

The matter can bo put more gt norally I ot tht contractilo portion of tho muscle 
shorten by nl, strotchmg tho elastic portion whtro n is a fraction and I is tho total 
length of the muscle Tho total extra energy liberated will bo nla as heat for shortonmg, 
plus nlPJ2 as work total nla + nlPJ2 = nla{l +PJ2a) If o/P, = 0 26, this becomes 
3nUt Takmg a as 400g/4q cm (mean value for frog’s muscle at 0° C), this is 
1200nZg cm/sq cm = 1200ng cm/c c = 27n x 10“* cal/g If n = 0 1, this is 
2 7x 10“® cal /g of which J is short* mng heat apjiearing early in contraction, f is 
work done in stmtcliing the elastic component, which apiiears as hi at in relaxation 

The ratio, in an isometric contraction of “shortening heat” to “relaxation hump” 
IS 1 PJ2a, 1 2 on tho average, and does not depend on the actual amount of 
elastic shortomng 

(6) T?ie force-(hitance rdatxon at constant speed Consider a muscle 
tetamzed isometncally till its full tension is developed, and then released 
at constant velocity with the Levin-Wyman apparatus With the same 
symbols as for (a) above and u = velocity of shortemng, we have 

u = -dyjdt-dyjdt = constant, 

V = — dyjdt, 

P = oc{y,-l,), 

- dyjdt = tt -f dyjdt = « + {dPldt)la 
Substituting in the characteristic equation and multiplying by a, 

{P + a){dPldt + au + ocb) = comt =(P„-l-a) a(tt-f 6), (3) 

where is the steady force correspondmg to velocity u (It is assumed 
that the amount of shortemng is not so great that Pg sensibly changes ) 
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This IB the same as equation (1) above with (tt + 6) instead of b and 
instead of Pq The boundary conditions are now, (i) at < = 0, P — and 
(u) &t t = CO, P = Pu Note that P„ can be calculated from the charao- 
tenstic equation, (P„+o) {u + b) = (Po+a) b 
Consider the equation 

(Po-P) + (i?, + a)log.(^»”-^“) =P,{b + u)tlc, (4) 

where c, as before, is the amount of stretch of the elastic component under 
the full isometnc tension This is a solution of equation (3), as is seen 
by differentiating and it satisfies the initial condition that P = at 
I = 0, and the final condition that P = at < = oo Hence it represents 
the relation between P and t dunng shortening of the whole muscle at 
constant velocity u 

Consider the case of a frog’s sartonus at 0° C, for which = 100 g , 
a = 26g,6 =lcm /sec and r = 0 26 cm and let us calculate a family of 
“indicator” curves, similar to those of Levin and Wyman (1927), for a 
set of velocities m = 0 26, 0 6, 1, 2, 3 and 6 cm /sec The result is shown m 
fig 16 It 18 obviously similar to such sots of curves as were given m 
figs 2, 6 and 10 of Levin and W)Tnan’8 paper In actual practice the 
amount of shortenmg necessary before a steady force is reached is so large 
that Pq is less than at the start The curve for w = 0 in fig 16 is honzontal 
in practice it will slope downwards somewhat from the left This shght 
complication, however, does not disguise the mam effect, viz that the 
general form of the indicator curves, for a set of constant velocities, can 
be deduced from the theory of the two-component system, with values of 
o, b and c found by indeiiendent methods 

Details of expenments made with the Levin-Wyman apparatus to test 
the theory will be published elsewhere by Shapiro 

(c) The greatest rate of doing work The rate of doing work is Pv, which 
from the charactenstic equation becomes bP[(PQ + a)l{P + a)— 1] This can 
be shown to be a maximum when P/a = yl{l+PJa)- 1 The usual value 
of u/Pq in the frog’s sartonus is about 0 26 inserting this. P/a = ^6-1 = 1 24, 
or since PJa = 4, P/Pg = 0 31 thus the greatest rate of doing work should 
occur with a load equal to about 0 3 of the full isometnc tension For 
different values of ajPg m the neighbourhood of the mean, the value of 
P/Pg giving the greatest work rate vanes only slightly 

o/Pj 0 16 0 20 0 26 0'30 0 36 

Optimum P/P, 0 27 0 29 0 31 0 32 0 34 
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Thus m any practical case the greatest rate of doing work will occur with 
a load about ^ of the maximum force This may have practical apphcations 



Fig 16 Force distance curves, for constant speeds of shortening during a fully 
developed tetanus, as made by the Levin Wyman apparatus, calculated for 0° C 
from equation (4), with the constants given m the text Speeds given m cm /sec 
on the curves 

The active state of muscle It has generally been assumed that the 
simplest “unit” of muscle activity is the twitch, and that all mamtamed 
activity can be regarded as due to the fusion or summation, partial or 
complete, of twitches This view has something to commend it from the 
point of view of excitation, but from that of energy exchange it is simpler 
to thmk of muscle as having two states, that of rest and that of maximal 
mamtamed activity Durmg rest the source of energy is cut off completely 
from the contractile mechamsm During a tetanus of sufficient frequency 
the bamer is removed and the two are steadily connected energy is set 
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free m mamtaming the active state, and if shortening occurs extra energy 
18 liberated for shortening and as mechanical work When the stimulus 
ends the barrier begins to fall, there is a rapid decrease m the rate of heat 
production, and in a short time the contractile mechanism is again isolated 
from the energy source 

After a smgle shock the conditions are more complex and the analysis 
IS more difficult The bamer is raised, the active state rapidly sets m, the 
contractile part of the muscle begins to shorten and stietch the elastic part, 
an external force is gradually develoiied, and shortemng may occur 
accorchng to the mechanical conditions The barrier, however, begins to 
fall again, the energy supply is gradually cut off and the active state 
disappears The energy relations, heat and work, of a twitch are com¬ 
plicated by the movements of the barrier, i e by a process which has more 
to do with excitation—or the immediate result of excitation—than with 
the proj^rties of the active state 

For the present purpose, therefore, we have considered a musck as 
having two states, (A) that of rest with the low heat production of rest, 
(B) that of activity with (i) the high heat production of activity, and (u) the 
capacity for shortening and doing work governed by the characteristic 
equation and its corresixinding energy relations We have not been 
concerned with the process of transformation from one state to the other, 
but have assumed that the active state is set up very rapidly after the 
first shock—for this there is strong experimental evidence—and that it is 
steadily maintained by a tetanus of sufficiently high, but not actually 
very high, frequency 

Gasser and Hill (1924) examined the onset and disappearance of the 
“fundamental mechanical response” in a twitch, by applying a quick 
stretch at various moments before and during contraction They found 
that its intensity reaches its maximum very early after the shock, and 
passes off contmuously thereafter The energy liberated in a twitch, as 
well as in a tetanus, is affected by mechanical conditions existing during 
contraction (Hill 1930), and a few prelimmary exiienments with the 
present equipment have shown that m a twitch in which shortening is 
allowed the heat is given out earlier than in an isometric one 

It 18 clear that the energy of a twitch is not set free m a single “all-or- 
none” outburst, but contmues to appear at a decreasmg rate as the 
“barrier” is lowered, and is affected by shortenmg and work as is the 
energy in a mamtamed contraction The twitch, however, is much more 
complex than the mamtamed contraction and needs to be specially 
investigated Further exploration of its energy relations may throw light 
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on the manner m which the “energy store” is linked to the “contractile 
mechanism ” dunng activity 


Summary 
Part 1 

1 A coupled galvanometer system is descnbed which is sensitive 
enough for muscle heat measurements with a deflexion time of 30-60 msec 
Its sensitivity and }>enod can be regulated by an adjustable feed back 
Used with a “protected” thermopile 46/i thick, it is rapid enough to allow 
the initial heat to be read from the records m absolute units and (for most 
purposes) without analysis 

2 The great advantage, in speed and accuracy, of using a very thin 
muscle, and the anomalies caused by non-uniform contraction and re¬ 
laxation, are discussed 

3 The possibility is considered of using a resistance thermometer 
instead of a thermopile Very senous difficulties are foreseen 

Part II 

4 When a muscle shortens, in a tetanieally mamtamed contraction, it 
liberates extra energy m two forms, (i) as “shortening heat”, m amount 
proportional to the shortening, and (ii) as external mechanical work The 
shortening heat is independent of the load, and therefore of the work done 
and the speed of shortenmg 

6 The rate of energy liberation at any moment, i o of work -I- heat, is 
a linear function of the load, mcreasmg as the load diminishes 

6 The “dynamic constants” of muscle, in a maintained contraction, 
are defined and measured They are 

a, the shortenmg heat per cm of shortenmg, 

Po, the isometric tension, 

b, the increase of energy rate per g wt decrease of load 

At any temperature these quantities are very constant a/ip w mde- 
pendent of temperature, b has a temperature coefficient of about 2 06 
per 10° C 

7 A “characteristic equation” is deduced, for the speed of shortenmg 
V under a load P, viz (P -f a) (v -t- 6) = const This equation is very accurately 
obeyed By fittmg it to observations of v and P, the same constants a and b 
are obtained as are given by heat measurements 
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8 When a contracting muscle is made to lengthen gradually by applymg 
a load rather greater than the isometnc tension, there appears to be a 
negative heat of lengthemng and the total energy given out by the muscle 
18 less than in an isometnc contraction The energy relations in lengthening 
are the converse of those in shortening and seem to be governed by the 
same rules 

9 The nature of the shortemng heat, and the mechanism by which the 
energy rate is governed by the load are discussed It is suggested that the 
chemical proceeses by which energy is liberated involve certain active 
points m the molecular machinery, and that when these are occupied m 
attracting one another and producing a tension they are not available to 
take part in chemical reaction 

10 The work done by a muscle in raising a load, or in overcoming any 
elastic resistance, is transformed into heat in relaxation 

11 There is a sudden drop m the heat rate directly the stimulus ends, 
and before visible relaxation occurs 

12 The effect of muscle length on the isometnc heat rate is dcscnbed 

Pari III 

13 The “visco-elasticity” of contracting muscle is shown to be the 
property of a two component system, the one component bemg undamped 
and elastic, the other being governed by the characteristic equation 
(P + a) (v + h) = const and its corresponding energy relations The fact that 
an active muscle shortens more slowly under a greater force is due, not to 
“viscosity” but, as Fenn has claimed, to the manner in which the energy 
hberation is regulated A largo force causes a low energy rate, which 
results in a low speed 

14 From this can be deduced (i) the form of the isometnc contraction, 
(u) the form of the force-distance curves made, at constant velocity, by 
the Levm-Wyman apparatus, and (m) that the greatest rate of doing 
external work should occur with a load equal to about 30 % of the isometnc 
tension 

16 The active state of muscle is discussed 
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The distribution of carbon dioxide in the hen’s egg 

By J Brooks akd J Pace 

Food Investigation Board of the Department of Scientific and 
Industrial Research, and Low Temperature Research Station, Cambridge 

{Communicated by Sir Joseph Barcroft, F R8 —Received 14 March 1938) 

The presence of bicarbonate in egg-white was reported by SchoU (1893) 
His suggestion that egg-white resembles blood serum is in accordance with 
the pH values given in Table I Healy and Peter (1925) found a value of 
pH 8 2 on laying and suggested that fresh white contained both bicarbonate 
and carbon dioxide 

Table I 


pH of egg white 




After 



On 

storage 



laying 

in air 

Method 


8 2 

97 

Colorimetric 

Hoaly and Peter (1925) 

82 

98 

Colorimotrio 

Buckner and Martin (1929) 

7 83 

9 45 

Hjdrogon electrode 

Romanoff and Romanoff (1929, 1933) 

76 

97 

Hydrogen electrwle 

Sharp and Powell (1931) 

7 97 

9 2-9 6 

Glass electrode 

Bate Smith (1934) 


9 2-9 7 

Glass electrode 

Moran (1937) 



pH in 100% CO, 6 4 

Hoaly and Peter 



66 

Moran 



10-12% CO, 7 6 

Sharp (1929) 



3-4 5% CO, 7 0 

Bate Smith (1935) 


Apart from the pH measurements, little is known of the relation between 
COj and the constituent phases of the egg The pH of the white depends on 
the partial pressure of COj and ranges roughly from 9 7 in am to 6 6 in 100 % 
COj, the pH of the mfertde yolk was found by the authors in Table I to be 
6 0-6 3 and changing the CO, pressure had little effect on the pH 
In the present work the total CO, m egg-white was measured by the 
method of van Slyke and Neill (1924) and the combmed CO, by the mano- 
metnc method of Warburg (1925) The combmed CO, is the aggregate of 
bicarbonate, carbamino, and unknown forms m which CO, is bound to 
protem It is provisionally assumed that all the combmed CO, m the white is 
[ 196 ] 
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in the form of bicarbonate, direct evidence for the absence of carbamates 
would also require (cf Roughton 1935) an accurate knowledge of the pK 
and the effect of proteins on the activity coefficient of the bicarbonate ion or, 
alternately, an mvestigation of the kinetics of the reaction The assumption 
leads to reasonable values for the protein dissociation and the pH over a 
wide range of COj pressures and therefore gives indirect evidence that, as in 
blood serum, the carbamino-CO, is relatively small in amount 


The bicarbonate content of egg-white 

Duphcate measurements of the combined COj* m weighed amounts of the 
white in equilibnum with different partial pressures of CO* at 26° C agreed 
to within 0 6 % 

Material Outer thin white was obtained from the infertile eggs (1-2 days 
old) of Light Sussex hens The mean density of the white at 25° C was taken 
as 1 040 

Gos mixtures Cyhnders containing specially prepared mixtures of air 
and COg were used The COg contents were determined by the method of 
van Slyke and Sendroy (1932), the accuracy was 0 05 vol % The outlet 
stopper of the manometnc vessel (Warburg and Kubowitz 1929) permitted 
equilibration in the thermostat Partial pressures of COg (p) are given in 
atmospheres 

In the calculation of the results the volume of 1 g mol COg (0°C, 
760mm Hg) was taken, following van Slyke, as 22 261 (Ouye and Pmtza 
1908) Results are given in either g mol /I of white, [HCO^]^, or g mol / 
1000 g solvent, [HCO^]„, The two quantities are related by the formula 

_ [HCO,-]„d{w-mn) _ [HCO3-L ,,, 

[HCO,],= -^-, (1) 

where d = density of white = 1 040, ic = g HgO per lOOg white = 88, 
m = g dry protein per 100g white = II, n — water of hydration in g 
HgO per g dry protein = 0 23 The values of w and m are mean values from 
the literature (Needham 1931) The hydration is assumed to be the same as 
for crystalhne egg-alburain (Sorensen 1917, Adair and Adair 1936), the 

* Excess acid was added to white m equilibrium with a given CO, pressure The 
formula used m the calculation of the results was not appreciably affected by takmg 
the solubility of CO, in the white to bo the same as in H,0, since the volume of white 
(about 0 2 0 c ) was small compared writh the volume of the vessel (about 16 c c ) The 
results were reproducible, no change m concentration was found after keepmg samples 
of white at 0“ C for 1 week 
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assumption agrees with Hill’s (1930) result for the amount of bound water in 
the white (about 3 % of the total water) 

The third column of Table II contains the mean values’" of the HCOf 
concentrations (the meaning of the bracketed values is given below) It 
will be seen that an increase in COj pressure mcreases [HCO^TI- and that the 
efiFect 18 most marked at the lower pressures The equihbnum between white 
and COj therefore resembles that between blood serum and COj, where the 
proteins react to the addition of acid by reversible combination with H+ 
When the acid is HaCOa, the net reaction may be ivntten 

Pr-M-HjCOa^HPr + HCOa-, (2) 

where Pr- and HPr represent protein amons and undissociated protem 
respectively f 

The HCO3 concentration may be treated either as a function of the CO, 
pressure or, more convemently, of the pH The pH of the white was calcu¬ 
lated from equation (3) and the values are given in the fourth column of 
Table II 

pH =p/f,-Hog^”^i"-Hogy„co,- (3) 

The thermodynamic first dissociation constant, was t^ken as 6 37 
at 26® C and S, the Henry’s law constant for COj and pure water, as 0 0337 
mol /I /atm (Shedlovsky and Macinnes 1935) The usual assumption was 
made that the proteins had no effect on yncOj. the activity coefficient 
of the HCO3 ion (in the case of blood serum this assumption is justified, 
cf van Slyke, Hastings, Murray and Sendroy 1925, Hastmgs, Salvesen, 
Sendroy and van Slyke 1927) The activity coefficient is given by the Debye- 
Huckel equation 

, 0 604> 

-logrKoo.--r^2,-^^^- W 

Kieland (1937) gives the value of a for the HCOg ion as 4 3 x 10~® The lomc 
strength p is not known with certainty and was taken as 0 13, the value for a 

* Each experiment number refers to a different sample of thin white, with the 
exception of 3 b, where thick white from egg 3 o was used, the HCOj' concentration was 
greater in the thin thanm thq thick white Romanoff and Romanoff (1929) found that 
on laying the pH of the outer thm whit© was higher than that of the thick white by 
0 06 pH As the difference m HCOi" concentration accounts for only 0 02 pH umts at 
a given CO* pressure, it is possible that on laying the outer thm white contains more 
HCOj and less CO, than the thick white 

t Smee the work of Hasselbalch {1917) many papers have been published on this 
system The predominant reactant is protem, other amons m serum, e g phosphate, 
are relatively unimportant 
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NaOl solution of the same freezing-point (— 0 46° 0) as egg-white * The 
value of log yncoj was then — 0 12 


Lxp p atm 

1 0 961 

0 0491 
3a 0 969 

0 0491 
U 0 969 

0 0491 
20 0 962 

0 395 

28 0 965 

0 392 
0 143 

38 0 961 

0 396 
0 143 
0 0491 
43 0 961 

0 396 
0 143 
0 0491 


Table II 25’ C 
[HCO?]„ 


mol /I pH 

0 0613 6 68 

(0 0616) 6'i'i 

0 0642 7 82 

0 0602 6 67 

(0 0603) 6 55 

0 0634 "HI 

0 0578 6 66 

0 0506 7 79 

0 0697 6 67 

(0 0598) 6 56 

0 0673 6 94 

0 0661 6 64 

(0 0660) 6 66 

0 0633 6 91 

0 0612 7 33 

0 0682 6 66 

(0 0683) 6 66 

0 0660 6 93 

0 0640 7 36 

0 0612 7 79 

0 0697 6 66 

(0 0697) 6 66 

0 0676 6 93 

0 0662 7 36 

0 0626 7 80 


-JfHfOj-L -1rtxl0» 


0 0 

0 0073 6 4 


0 0 

0 0069 6 0 

0 0 

0 0072 0 3 

0 0 

0 0026 2 2 


0 0 

0 0017 1 6 

0 0038 3 3 


0 0 

0 0023 2 0 

0 0043 3 8 

0 0071 6 2 


0 0 

0 0021 1 8 

0 0046 3 9 

0 0071 8 2 


When [HCO^Jc was jilotted against pH a senes of straight lines was 
obtained, each sample gave a different line but the slope was the same It 
was therefore more convenient to plot the change in from a 

common pH At p = 0 955-0 909 atm the pH of the different samples 
vaned from 6 64 to 6 68, a small interpolation gave [HCOfJj at pH 6 66 
These values are bracketeti m tlie third column of Table II The fifth 
column gives the decrease in [HCO^],., — ^[HCO^]^, with increase in pH 

* As p enters into equation (4) m the form vi». it was unnecessary to correct the 
freezing pomt depression of egg white for the small amounts of non electrolyte 
present Glucose is the only non electrolyte found in any significant amount 
(0 46 g /lOO g white, of Sorenson 1934) 


Vol CXXVI 
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from 6 66 Tlie value of da in the last column is defined by equation (6) 

where 114 4 is g dry protein per litre of white 



Fir 1 Tlie relation between tlu pH and tho dissociation of 
(a) egg white proteins, (b) crystalline igg albumin 


In hg 1 Aa is plotted against pH all the values fall on the same straight 
line (within the exjienmental error) * For comparison is given the smoothed 
titration curve of crystalline egg alhiiinin over tho same pH range deter¬ 
mined by Kekwick and Cannan (1936) The quantitative agreement is not 
stressed since (a) the values of Kekwick and (^annan were determined at low 
salt concentrations, tho only solutes being the protein and the NaOH used 
for titration, (b) crystalline egg-albumin forms only about 70 % of the total 
proteins of the white (80renson 1934, Taylor, Adair and Adair 1932) 
Provisionally, however, it may lie assumed that the equilibrium between 
COj and the white is given by equation (2)t over the pH range 6 65-7 82 

* The PxjM rimental error in J[HCO, ], or ia is rather largo smee it is a relatively 
Small change m a large total concentration 

t The conci ntratioii of phosphate ions in egg whitt' is negligible (Grossfeld and 
Walter 1934, Eble and Pfeiffer 1935) No correction was made for tho small amount 
of CO^" present at pH ~ 7 8 




The distribution of carbon dioxide in the hen's egg 201 


The curve for egg-white in fig 1 is given by equation ( 6 ) 

= 4 76x 10-»(/iH-6 66 ) ( 6 ) 

The buffer value /? per g jirotein over the pH range 6 54-7 82 is then 


ft 


da 


10-5 


In Table III is recorded the buffer values of other proteins over a similar 
pH range The buffer value of egg white jiroteins is roughly one half that of 
serum proteins 

Table III 


Protein 

fixW 

Human haemoglobin* 

13 7 

Sheep CO haemoglobin* 

n 5 

Horse scrum 

9 0) 

Human serum 

10 4/ 

f r\stallino egg albumin 

52 

Egg white 

48 


• In thn region of the wo 


Adnir (1925) 

Adair and Adair (1934) 

\an 8lyk< lla-stings 
Hiller and Nendrov (1928) 
Kckwick and Caiinari (1936) 

eUctric point 


The solubility ok uarbon dioxide in egg white 
'Ihe dissolved CO^ m egg-white is given by the difference between total 
(Xlj (as determined by van Slyke) and combiiicri ('Og Thin white (about 
26i t ) was eipiihbiated at 25°(' with a given pressure of (’Oj using an 
apparatus previously desciibeel (Brooks 1935 ) 

(а) samples were withdrawn in a spec lal pqiette, 0 5c e mtroehn ed into 
the chamber of the van Slyke apparatus without contact with air and the 
total C'Oj determined (ef Peters and van Slyke 1932 ), 

( б ) the concentration of combmeel (’(>2 was measuied at 25° (’ by the 
manometne rnethoel of Warburg, using the same gas mixture for eeiuilibra- 
tion 

In both cases dujihcate measurements agreed to within 0 5 % 

The procedure was tested with 0 05M NaHI'Oa at p = 0 Obi atm and 
25° C The concentrations ol total and combmeel COj were 0 0822 and 
0 0601 mol /I lesjiectively, the Bunsen solubihty eoefficient a was therefore 
0 744 For pure water at 26° C a = 0 751 (Shedlovsky and Maelnnes 1935 ) 
If the salting-out coeflieient K for NaHCO, is the same as for NaCl, the 
corrected valuef of a at // = 0 05 is 0 744 

t From the equation log SJS = K/i (Randall and Failcy 1927) w the solubility 
m pure water S the solubihty at ionic strength p The value of A for NaCl was ob 
tamed from the data of van blyJo', hendroy, Hastings and Neill (1928) at 3S° C The 
value of K does not vary with temperature between 25° and 38’ U (cf Walker Braj 
and Johnston 1927) 
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The results in Table IV are the mean of duplicate analyses The values were 
reproducible, the same sample was analysed over the cycle ja = 0 96— 
0 40-0 96-0 40 atm and concordant values obtained (Exp 20 ) The last 
column gives the Bunsen solubihty coefficient 

Table IV 26^0 
Mol/I 

Exp p atm Total CO, Combined CO, a 

20 0 961 0 0904 0 0697 0 711 

0 963 0 0900 0 0596 0 703 

0 395 0 0702 0 0575 0 716 

0 395 0 0698 0 0571 0 716 

28 0 965 0 0859 0 0661 0 718 

0 392 0 0662 0 05J3 0 733 

0 143 0 0667 0 0612 0 700 

Henry’s law is obeyed over the lange /> = 0 06-0 14 atm , the best value 
of a at 25" C is 0 71 The solubility coefficient i>er g H 2 O in the white* is 
0 80, the corresponding value for pure water is 0 753—a chfference of b % 
Since the salts in the white lower the solubilityf by about 2 %, some fai tor is 
responsible for a solubility roughly 8 % greater than expected from the salt 
and water content A similar excess solubility of Nj in blood serum was 
found by Stoddard (1926-7) and of COj in blood serum by van Slyke, 
Sendroy, Hastings and Neill (1928) and attributed to the presence of small 
amounts of lipoids Egg white apparently also contains some lipoid 
(Needham 1931 , pp 265, 301) but the amount is uncertain 

The pH of ego-whitl 

At pH 6 55 the mean value of [HCOfJc was 0 058, equations (1) and (3) 
then give the following mean values [HCO^]„, = 0 0662 and p = 0 97 atm , 
this may be taken as the standard statej of egg-white Considenng the 
volume of white (1125c c ) which contains iOOOg free HjO (and 128 6 g 
protein), from ( 6 ), 

-^[HCOgl^ = 4 76x 10 -»(pH -6 66 )x 128 6 

= 6 1 xlO-’(pH -6 66) ( 7 ) 

* 0 c CO, (0° C, 700 inm Hg) dissolved at 25“ C and p = 1 atm m the volume of 
wfhite w'hich contains 1 g free water (1 126 o 0 ) 

t The salting out coefficient K was taken as 0 077—a value between the coeffi 
cicnts for KCl (0 062) and NaCl (0 086) obtained from the data of van Slyke, Sendroy, 
Hastings and Neill (1928) at 38“ C 

t The pH of the different whites at a given value of p varied by only 0 04 pH units 
It IS possible that eggs from different sources might show larger variations 
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The general equation at 26° C for the pH of white between p = 0 06-1 0 
atm can then be wntten 

When p 18 less than roughly 0 06 atm equation (8) no longer holds since 
the HC'Of concentration is lowered by reaction (2) and by the dissociation of 
HCO^ to COj" The governing equation is then 

-d[HCO^L = -da' + 2d[COj-]„„ (0) 

where da' is the change in g -equivalents H+ combined with 128 6 g jirotein 
If the buffer value of the proteins is assumed to be unchanged above pH 7 8, 
the conditions which obey (9) and (10) can be calculated, (10) gives the 
relation between A'l and the first and second thermodynamic dissocia¬ 
tion constants of HjCO, 

lHCO^„^A^7^,-cVp 

ICOa-L A^y^i^o.- 

A'j was taken as 6 61 x lO-ii at 25°C (Matinnes and Belcher 1933) and 
the activity coefficient of the carbonate ion, was calculated from the 
Debye-Huckel equation using Kieland’s (1937) value for a (4 6 x 10~*) 

The calculated values for the “mean white ” are given in Table V and fig 2, 
the partial pressure of COj in air is 0 0003 atm 



Pio 2 Tlie relation between the pH of egg white and the 
partial pressure (m atmospheres) of carbon dioxide 
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Table V 25° C 

p atm [C0,']„ pH 

0 97 0 0662 — 6 66 

0 10 0 0694 0 0002 7 60 

0 05 0 0668 0 0004 7 78 

0 03 0 0561 0 0007 7 99 

0 01 0 0604 0 0017 8 43 

0 0003 0 0231 0 0117 9 61 

The pH values m Tables I and V are in rough agreement 


TuF BlT*»hR VAIUE OH LGO WHIfL 


The buffer value is defined by van Slyke ( 1922 ) as dR/dpH expressing the 
relation between the increment (in g -equivalents jier litre) of strong base B 
added to a buffer solution and the resulting me renient in pH For egg-w hite 
there are two limiting cases 


(а) no gas phase, 

( б ) a gas phase at a constant pressure of COj 


Case ( 6 ) does not strictly correspond with the concept of buffer v alue, the 
greater ability of this system to buffer against the addition of non-volatile 
acids or bases as compared with case (a) (cf Table VI) is due niainlj to the 
escaiie or ab 8 or{)tion of COj to or from a gas {ihnse of a i onstant COg pressure 
The value of dBjdpK for this two-phase system may be defined as the buffer 
capacity /?p 

It can be shown that for the volume of white which contains lOOOg free 
water 


Case (a) /? = 


dB 

dpR 


da' 

dpH 


2 303[C03][HC03-] 


^ 2 303[C03“] 


([HC03-]-(-4tC0g]), 


( 11 ) 


(’ase ( 6 ) = - ^ + 2 303 [HC 03 -] -P 4 x 2 303[('O3“], (12) 


where 


c = [C 0 g]-|-[HC 03 -] + [C 03 -] 


da' IS the change in g -equivalents H+ combined with 128 6 g protein, fiom 
( 6 ) or (7) da'jdpH = 6 1 x 10 ~® Other concentration terms are expressed 111 
g mol /lOOOg flee water Calculated values are given m Table VI, the 
concentration of dissolved COg corresponds to the COg pressures m the first 
column 
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Table VI 25° C 

Case (a) Case (6) 


p atm 
0 0003 
0 03 
0 10 
0 20 


p 

% biiflemig 
due to proteins 

Pv 

% buffering 
due to proteins 

0 024 

26 

0 107 

3 7 

0 010 

61 

0 139 

4 4 

0 014 

43 

0 145 

4 1 

0 021 

30 

0 149 

40 


Intermerliate raspR lie between these two extremes, depending on the 
relative volumes of liquid and gas 

Romanoff and Romanoff (1929, 1933) found that tiu /dl ol the white of 
the fertile egg increased to 9 5 in 2 days (loss of dissolved CO2) and then 
decreased slowly to about 7 2 after 15 da\s incubation, the cause of this 
decrease 18 uncertain ((f Needham 1931 p 1202) Although eciuations (11) 
and (12) apply only to ecpulibrium systi ms, they indicate that the value 
pH 7 2 may not be reyiresentatiye of the conditions within the intact egg 
The removal of COg in vim from the blood by the respiratory apparatus (cf 
van Slyke 1922) is replaced dunng incubation by factors such as rates of 
diffusion and ventilation If non volatile acids are produced by the embrjo, 
the extent of the pK c hange m the- white (and m the embryonic tissues) w ill 
deiiend on the rate of removal of CO, 


ThL UPTAKF Ot C ARBON DIOXIDE BY SHELL AND YOIK 
Shell In spitc^ of the porous structure of the shell* no signific ant adsorji' 
tion at 25° C was detected at two piessures of (’Oj 

(o) p = 0 014atm CO^ Coarsely ))owclcrcd shell (0 25g ) was placed in 
the central towei of a Warburg manometric vessel and a known amount of 
CO2 formed by tipping excess ac id fiom the side bulb into NajCOg solution 
in the mam vessel The adsorption was calculated from the hnal pressure 
increase 

(b) p = 0 99 atm CO2 The usual tyjie of adsorption apyiaratus was used 
(containing b 5 g shell) 

The results are given below The CO2 < xc hariges of the shell reported m the 
literature cannot be explained by adsorption 

cc CO, (O-C, 700 mm ) 
p atm adsorbed per g shell 

0 014 <0 01 

0 99 <0 01 

* The structure of the shell has bein reviewed by Needham (1931) and btewart 

(1935) 
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YolK The total uptake of C'O, at 26 '’ C by the yolk of infertile eggs was 
measured apjiroximately 

(а) Yolk was placed in the mam compartment of a Warburg manometnc 
vessel * The < entral tow er contained acid and the side bulb NajCO, solution 
Tower and side bulb were connected by a bent glass capillary which allowed 
excess acid to be siphoned into the side bulb when vessel and manometer 
were tilted The Bunsen solubility coetticient a was calculated from the 
equilibrium COj ])ressure (mean p = O 0116 atm ) 

(б) A w hole yolk w as stored in ixmio over 0 2 N KOH toi 24 hr and placed 
m the adsorption apparatus The volume of COj recpiiied to fill the apparatus 
to /> = () 06 atm C'O^ was measured after evacuation Pquilibnum was 
reached m about 60 hr The values obtained are given below 

p atm a 

0 0130 1 2 

0 96 13 

With white a value of a calculated from the total CO^ uptake (dissolved plus 
“retained” COg) would be very different at the two pressures, with yolk the 
values were roughly the same f 

The fats and lipoids m the yolk are probably responsible for the greater 
solubility of COj m yolk (a -1 2-1 3 ) than in white (a = 0 71 ) If allowance 
is made for the COj dissolved m the aqueous phase of the yolk, the value of 
a per g of total fatty matei lal is very roughly 3 


The salts of white and shell 

The relationship between the salts of the white and the shell is obscure 
Typical analyses for the infertile egg are givenj in Table VII, the CaCOg of 
the shell is in the form of calcite The system is only defined when in equili¬ 
brium with a known pressure of COj, it is probable that this condition is 
never fulfilled Ionic concentrations at equilibrium, corresponding to the 

* The yolk used did not evolve CO, during the experiment 

t 3 he CO,—HC O, —C O7 system apivt ars to play little or no part m the buffering of 
the yolk, llif aatno conclusion may be rcacheil from the of the yolk (about 6 2 in 
air) or the analyses of Hialaseowic/ (quoted by Needham 1931 Table 47) of the ultra 
filtrate of yolk 

J The values foi the white have been recalculated on the basis that 100 g white 
contain 86 6 g free N,0 Langworthy’s and Iljin s results arti (pioted by Needham 
(1931, Tables 9 and 27) btraub and Donck (1934) give the HCOf concentration of 
white 85 0 0343 mol 1 of white at apparently pH 8, this value is very different 
from those obtained m the present work 
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known H(’0^ concentrations, have been calculated approximatelyf for 
26 ° C and are given m Table VII 

TABLt VII 


'G CaCOj 

MgCOj 

Shell 

ra,(PO,), 

Organic 

inaUiial 

93 7 

1 3 

08 

4 2 I angworthy (1901) 

Ca 

Mg 

White 

Milhmols per lOOOg H,0 

Cl 

2 8 

4 1 

61 6 

Iljm (1917) 

40 

7 7 

51 6 

htraub and Donck (1934) 


CaktUalsd equilibrium <Am(.cntrationa at 26 C, mdlinwle per 1000 (7 H,0 

Total 


p atm 

HCOi 

Cn + + 

Mg^^ 

phosphab' 

0 97 

05 2 

1 2 

19(H) 

0 15 

0 10 

69 4 

0 16 

230 

02 

0 05 

66 8 

0 1 

130 

02 

0 0003 

23 1 

0 001 

* Solid phase Mg(OH), 

5* 

30 


The COj “ pressure ” in the ovidiu t of the hen is unknown, but the pH of 
the white before laying (found by Romanotf and Romanoff (1929) to be 
7 6) corresponds roughly to 0 lOatm COj at 42 °(’ (the body temperature 
of the hen) The Ca content of the white J however, is even greater than 
the calculated Ca++ concentration at p = 0 97 atm this may be partly 
due to the presence of undissoiiated Ca tompounds The concentration of 
phosphate ions (found by Eble and Pfeiffer (1935) to bo 0 19 milhraol per 
1000 g HjO) IS of the same order as the cah ulatcd values, but m view of the 
relatively high solubility of MgCOs the Mg content of the white is surprisingly 
low 

An extension of Buckner, Martin and Petei’s (1921;) experiment showed 
that these differences aie not due to the imjxjrmeability of the membranes 
separating shell and white After removal of white and yolk, COj was 
bubbled through 16 c c 0 06 M NaHCO, in contact with intact membrane 
for 4 hr at 26 ° C The Ca concentration was then 1 70 x 10 ®M (estimated 

t Solubility of CaCOj at 26° C (Frcar and Johnston 1929), solubility of MgCO, at 
26° r (Klino 1929), solubility of Ca^lPO*), at 38° V (Sondroy and Hastings 1926-7) 
t The solubility of CaCO, decreases with increasing temperature 
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gasometncally by tlie method of van Slyke and Sendroy ( 1929 )) When the 
membranes were removed and the experiment repeated the corresponding 
concentration was 1 75x lO-^M 

Ottier changes accompanied the reaction 

CaCO, + HjCOa^ C’a^ ^ + iHCOg- (13) 

When coarsely powdered shell was tipped from the side bulb of a Warburg 
manometiK vessel into egg-white or 0 05M NaHCOj in etiuilibrium with 
0 96 atm COj theic was an uptake of COg and from separate experiments, 
an increase in HCOjT concentration The final uptake increased with the 
weight of shell used and could he made many times greater than that due to 
reaction (13) * TJie cations dissolving from the shell were not identihed but 
the solution of roughly one-half the reported MgCOj content of the shell 
would account foi the results, the remainder of the Mg(’(), may not have 
been accessible 

In the intact egg the solution of carbonates from the shell is probably very 
slow It 18 also possible that the layer of shell immediately adjoining the 
membrane contains no solid MgCOj and that the remainder is not accessible 
to the white 


Summary 

The combined COj of egg-white in equilibiiiim with different partial 
pressures of COj was measured over the range p = \) 05-1 Oatm COg at 
25° C 

It was assumed that the combined ('’Oj was present m the form of bi¬ 
carbonate On this basis the buffer value per g protein was 4 8 x 10~® foi the 
pH range 6 6-78 

The reasonable values calculated for the pH of the white and the buffer 
value of the proteins supports the assumption that the amount of carbamino 
(JOg present is small 

The value of the Bunsen solubility coefficient for C’Og and white at 25" C 
was 0 71 This value is about 8 % greater than the value calculated from the 
salt and water content of the white It is possible that, as in blood seium, 
the excess solubility is caused by the presenc e of traces of lipoids 

* Using pun (tilcitc in Ihi hiUo bulb, 0 06M NaHCO, and p — 0 00 atin CO,, the 
Hnal increase in lit (), concentration was 0 0028 mol /I The \aluo wna independent of 
the weight of tall itc or the volumi of litjuid and agrees with the value calculated 
from the solubility data of Orear and Johnston (1929), namely 0 0025 mol /I Using 
0 1 g sliell, 1 c c 0 06M NaHl 0, and p = 0 96 atm CO,, the hnal increase in HCOf 
concentration was 0 013 moh/l 
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The uptake of COj by shell and yolk was measured 
The buffer value of egg-white and the relation between the salts of shell 
and white have been chscussed 
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On the coipora allata of dipterous insects II 

By E T Bubtt 

Entomology Depariment, Zoological Laboratory, Cambridge 
(Communicated by A D Imim, FR S —Received 27 June 1938) 

In an earlier paper (Bnrtt 1937 ) it was suggested, on morphological 
and histological evidence, that Weismann’s nng in the larva of Calltphora 
represents the modified corpora allata Fraenkel ( 1935 ) had previously 
found that pupation in Calltphora is induced by a hormone which is 
secreted in the region of the central nervous system Accordingly, I sug¬ 
gested that Weismann’s ring was the organ responsible for this effect 
Simultaneously with the appearance of my paper, Hadorn ( 1937 a) pub¬ 
lished experimental evidence on the function of Weismann’s ring (“nng 
gland”) in the larva of Drosophila melanogaster, and came independently 
to the same conclusion as myself regarding the significance of the nng 
Hadorn used the technique of Ephrussi and Beadle for transplantation in 
Drosophila larvae In his first paper, Hadorn ( 1937 a) descnbes the results 
of experiments on the mutant “lethal giant”—a form in which pupation 
IS either greatly delayed or absent, and the larva reaches a size exceeding 
the normal Hadorn found that pupation in “lethal giant” larvae could 
be markedly accelerated if a Weismann’s nng were implanted hrom a 



On the corpora allata of dipterous insects 


211 


normal larva which was just about to pupate On the other hand no 
9,cceleratmg effect was produced by implantmg tissues other than the nng 
In a later note Hadom (1937 6) states that a similar acceleration of pupation 
IS obtained m normal Drosophila lar\ae by transplanting niigs from those 
ready to pupate into younger larvae Three rings gave a greater acceleratmg 
effect than one The ring of Luciha was found to be active when implanted 
in Drosophila—& result similar to the hnding of Wigglosworth (1936) in 
which the blood of a moulting Rhodnius induced moulting in Triatoma 
and Cimex 

The present paper deals with the results obtained by destroying 
Weismann’s ring in the larva of Calhphora and thus approaches the 
problem from the opposite jioint of view from Hadorn 


Material and mfthods 

Larvae of Calhphora vomitoria L were used throughout the exjienments 

It will be seen from fig 1 that Wcismann’s nng {w) is traversed by 
tracheae These tracheae have a very distinctive shajie which is easily 
visible through the transparent skin of the larva, and they thus afford an 
exact guide to the position of the tissue of the ring The destruction of the 
nng was accomplished in one of two ways The first method was to employ 
an electrically heated wire cautery A fine point wcus made by putting a 
sharp bend in a piece of wire 0 1 mm in diameter, the free ends were 
soldered to copjier leads and these m turn were connected to an accumu¬ 
lator with a vanable resistance in series The temperature of the wire 
could be exactly adjusted to that needed to cauterize a piece of tissue 
without causing undue burning (about 160 ° C) The wire never became 
hot enough to cause oxidation so that platinum was unnecessary and 
constantan was quite satisfactory 

The procedure was as follows Larvae were anaesthetized with ether 
and placed on the stage of the bmocular microscope They were flattened 
shghtly at the level of the nervous system, by pressure with the forcelTs, 
until Weismann’s nng came into view, lying closely pressed against the 
dorsal body wall The hot wire point was then pressed all round the ring 
and the tissue cauterized 

The second method consisted m the direct removal of Weismann’s nng 
The larva was anaesthetized with ether and placed dorsal side uppermost 
m a wax dish contammg 0 9 % sodium chlonde solution A circular wire 
loop was pressed on to the anterior end in such a way that the central 
nervous system, and the tissue l3nng above it, tended to bulge into the 
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area enclosed by the loop A cut was then made with a fine pair of scissors 
in the dorsal body wall immediately above Weismann’s rmg, a fine hook 
was now inserted, the ring w as drawn out and freed from its attachments 
by cutting with the scissors Once this had been accomplished, any 
projecting tissue was gently pushed back and the cut closed, if necessary, 
with celloidin solution 



fio 1 Lalhphora wyimtona L Tracheae supplying Weismann s ring Lettering 
ag antciior spiracle c»i8 central nervous system, w, tracheae which indicate the 
jxwition of W oisinann s ring 

Of these two methods, the first was more rapidly earned out, but the 
second had the advantage of directness m that one could examine the 
tissue which had been removed and thus ascertain whether the ojieration 
had been complete Moreover, it waa essential ultimately to dissect the 
ojierated larvae, and examine them for Weismanii’s ring The second 
method was supenor in this resjieet, because the examination was not 
complicated by the presenc*e of cauterized tissue 

As stated before (Bmtt 1937), the ring is composed of large cells with 
large nuclei These have a charactenstic appearance m whole preparations 
stained with borax carmine Accordmgly this method of stammg was used 
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in examining larvae with a view to finding whether any of Weismann’s 
ring was still remaining 

It must be pointed out that removal of Weismann’s ring also involves 
removal of the median sympathetic ganglion underneath it (see fig 2, m) 
together with a piece of aorta and tiacheal tissue 
The second technique for removing Weisniann’s ring was in part 
suggested by the method employed by Ah< hner and Rios (1933) forrenioving 
the mvcetoino in Pediculun 

Destruction oi Weismann’s ring in maturi- iarvae 

The following experiments show the effect of destroying Weismann’s 
ring in larvae which have ceased to feed, and are in the resting (Lowne 
1890 2) or prepupal condition (Wardle 1930) 

A group of larvae was used which were as far as jiossible at the same 
stage of development, VIZ 2 3 days before piipation Of these twenty-nine 
had the ring removed by the second method, they constitute Grouji 1 in 
Table I Another thirty larvae were used as controls, they were anaesthc- 
ti/ed and a cut was made in the region over Weisrnann’s ring but the ring 
was not touched (Group 2 ) A further twenty-six larvae were used for 
operations on tissues adjacent to the ring, in twelve of these the tracheae 
were cut anterior to the ring (Group 3 ), and in fourteen a piece ot the 
imaginal bud of the eye was removed from the left side (Group 4 ) All 
larvae were allowed to recover fiom the anaesthetic and were then placed 
on moist filter pajier in Petii dishes at 25 ° C The results are shown in 
'J’able I It will be seen that pupation did not occur in the surviving larvae 
of Grou]) 1 where the ring had been removed On the other hand, pupation 
occurred m all the surviving control larvae with the excejition of one 
sjiec linen in Grouji 3 Fourteen days fiom the beginning of the exjienment 
sixteen of the larvae of Group 1 weie still capable of movement During 
the next 7 days these died without pujiatmg 

We may conclude that removal of Weismann’s ring prevents pupation 
The nature of the controls makes it very unlikely that this effect is due to 
injury to tissues other than the ring 

The same results are obtained by the use of the first (cautery) method 
In an experiment fifty-two larvae were used of the same age as before 
( 2~3 days before pupation) The nng was cauterized in twenty-six of them 
In the twenty-six controls a small area was cauterized on the same 
segment as Weismann’s ring but care was taken to avoid that organ 
All the controls pupated within 4 days from the beginning of the expen- 



Table I Results of experiments in\olving remo\al or C4.utebization of 
Weismann’s ring in mature larvae of CaUtphora 
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ment None of the larvae in which the nng had been lauterized over 
pupated Fourteen days after the beginning of the exjieriment three of 
these larvae had died but twenty three were alive and tajiable of move¬ 
ment The prepujial larvae (unlike the >ounger larvae) are very insensitive 
to the effects of the cautery and the method thus offers a simple way of 
preventing pupation m Valhphnra 

Till tFFEC T OF Sf VhttrNG THl VFRV E ( ON\B\IO\S OP 
WfISMANn’s RENO 

The results of the preceding sttfion an somewhat compluated by the 
fact that cutting the nerves to Weismann s img has much the same effcit 
m preventing pupation as removal of the ring itself 

The ring is m intimate contact with the median sympathetic ganglion 
lying imnudiately beneath it (see fig i //i) 'riiis ganglion is supjiliod with 
nerves (fig 2 n) from the cerebral (ommissiire and joined by a short 
branch (fig 2 ,/) from the reeinieiit miv^e As before in operating the 
tracheae traversing the ring were used as a gu^de to its exact position 
A fine knife was m.ide )>y grinding the point of a needle so that one side 
of the point formed an edge about 0 .1 mm long Larvae were aiiaesthetired 
and held with the forceps whilst the knife was inserted laterally through 
the body wall until it came to he under flic tracheae at the point where 
they pass into the biam Tn fig 2 we must imagine the kmfe to he at light 
angles to the plane of the [laper with its edge bctwc.cn the cciebfal 
commissure and the nerves to the median svinjiathctic ganglion Once in 
this position the knife could be drawn backwards until the tracheae and 
the nerve connexions were cut 

Some fifty seven larvae were taken of an age about 4 da>8 before 
jnipation The above operation was attiinfitcd in thirty of these and m 
the twenty-seven controls the tiachoac were cut in front of the ring The 
results are shown m Table 11 m the hrst case nineteen larvae and m the 
controls only one larva failed to jmpato Dissections were subsequently 
made of the ojierated larvae They were opened by a longitudinal cut 
passing to one side of the middle hne and the mternal organs were im¬ 
mediately washed with Bourn’s fluid Under these circumstances the 
sympathetic system could be easily traced Ooiisidermg those which 
pupated in the group of thirty with the ring cut in three of the six pupae 
the operation had failed and the nerves were intact, whilst m the other 
three the cut had passed across the nng so that half of it still retained its 
nerve connexions Now let us turn to the nineteen larvae which had failed 
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to pupate In twelve of these the only nerves severed were those joinmg 
the nng to the brain and to the sympathetic system, whilst the aorta and 
the recurrent nerve were apparently intact In the remaining seven of 
the nineteen one or both of these last were in addition cut across No 
abnormality was detected m the control larva which had failed to pupate 



Fio 2 Calliphora vomttoria L Median sagittal seotion tjetween the cerebral 
heiTimphoros of a mature larva Lettering «, aorta, 6 brain, m, median sympathetic 
ganglion, », nerves to median ganglion nc, nerve cells, r recumnt nerve, r', branch 
of recurrent to Weismann s ring, t, trachea, w, Wemmann’s ring 

The nng was, of course, present m all the nineteen larvae where it had 
been severed Sections were made m two of them, the cells apjieared rather 
shrunken but iierfectly recognizable 

The question naturally anses whether cutting the recurrent nerve at a 
level postenor to Weismann’s ring would have any influence on pupation 
This oficration cannot be jierformed with much certainty, but in thirty- 
three larvae a cut was made posterior to the nng Of these, eight died 
withm a day of the operation and twenty-five pupated Examination 
showed that in nine of these pupae the recurrent nerve was severed in the 
region postenor to the nng 

We may conclude from the above exiienments that the function of 
Weisraann’s nng is inhibited if its nerve connexions are cut Wigglesworth 
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( 1934 ) found that moulting could be prevented m Rhodmus if the nerves 
lietween the brain and the corpus allatum were cut, and Pflugfelder { 1937 ) 
obtamed the same effects in Dtxtppus by cutting the nerves to the corpus 
allatum as by removal of the gland 


Destruction 01- Weismann’s ring in \ounoer larvae 

We must now consider the possible function of Weismann’s iing in 
larvae w'hich are still feeding Up to the time of wilting the operation 
has not been sut cesstully performed on the first and second instar larv at 
What follows, therefore, applies only to the third (and last) larval instar 
The destruction of Weismann’s ring at this stage was effected by each ot 
the two methods The feeding larvae were particulaily susceptible to the 
cautery, and only 10-20",, continued to feed and move actively after the 
ofieration The death rate was lower when the ring was removed by the 
second method, and as both iechtinpics gave the same results, only the 
larvae operated on by the latter method need be considered 

Weismann’s ring was removed by the sec ond method m thirty-four lai\ ao 
of a length of 12-13 mm (age about 72 hr at 26" V) Of these, nineteen 
died as a result of the operation and fifteen continued to feed and crawl 
about in a normal way They were supplied with beef and kept at 26° C 
The lives of these larvae were followed, and a comparison with controls 
m which a simple cut had been made showed the following effects ( 1 ) the 
larvae do not pupate, ( 2 ) they continue to feed foi a period greatly ex¬ 
ceeding the normal In these circumstances the crop remained full and 
one could be sure that they were still feeding by putting the larvae on 
beef mixed with carmine, when the red coloui became visible throughout 
the alimentary canal Three examples will make this clear Larva ( 1 ) was 
ojHjrated on 11 March 1938 and continued to feed until 19 April I93H 
when it beeame sluggish and was killed on 21 April 1938 This larva showed 
a prolongation of the jieriod of feeding amounting to 39 days which may 
be "compared with the normal total of 4 days Larva (2) was operated on 
24 February 1938 and killed and dissected on 26 March 1038 The period 
of feeding m this case lasted 28 days Larva (3) was operated on 
24 February 1938 and examined on 16 March 1938—the prolongation of 
the feeding period in this instance was 19 clays 

t It will be seen from these results that, although tHe larval life has been 
much prolonged, the development never reached the stage at which 
feedmg ceased 
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As regards the structure of the operated larvae their body si/e was 
slightly loss than that of the normal larvae at the end of feeding A better 
understanding of the stage reached is obtained from an examination of 
the imaginal buds The bud selected tor measurement was that which 
gives rise to the fore wing and neighbouring mesothoracic structures, as 
was shown by Weismann ( 1864 ) Because of its large si/e and plato-like 
shape, it makes a vety convenient object for careful measurements The 

a 


d 


Fif 3 Stages m tlio growth of tlio wing bud in C jiomdonn L during the third larval 
instar (a) normal 12 mm larva (6) full grown larva, at the time of cessation of 
feishng (r) 48 hr later than (6) (d) w mg bud from larva in which Weismann’a ring 
has been removed at a stage corrcviponding to (a) above Longitudinal sections of 
till buds are shown below (6), (<), and (d) 

following considerations apply equally well to the otlier imaginal buds 
(e g the ventral thoracic) Tn any given larva the wung bud of one side 
was stained and mounted whole whilst that of the other side was sectioned 
In this way an idea could be gained both of the superficial area of the bud 
and its thickness 

Consider first the development of the normal wmg bud, three stages of 
which are shown m fig 3 , (a) is from a normal 12 mm larva of the stage 
corresponding to that at which Weismann’s ring was removed. {h) a larva 
wh ich has just ceased to feed, and (c) a larva 48 hr older, dunng the pre- 
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pupal period It i8 clear that a marked increase both m area and thickness 
occurs dunng the jirepupal period Further, such increase in size of the 
bud takes place at a time prior to the onset of pupanum formation (the 
critical period of Fraenkol 1935) This was readily checked by de8tro5ang 
Weisniann’s ring and keeping the larva for 3(1 hr before dissection of the 
imagmal buds Under these conditions il the larva in question had already 
entered the c ntical fionod, then jnipation would have occ urred 

If we turn to the larva with Weisinann’s ring removed (hg 3 , d) com¬ 
parison with (a) of the controls make's it clear that the wing bud has 
undergone further growth, but that it has been airested at a stage dis¬ 
tinctly smaller than the (ontrol sjiec mien (r) It is about ecimvalent to the 
normal larva at the cessation of feeding i e fig 1 (/») With slight variations 
the same arrest of the growth of the imaginal buds was found in the other 
larvae in which WeismaniTs rmg had been removed at the 12 mm stage 

It follows from the above that the nng exercises an influence on the 
development of the imaginal buds before the time at which it induces 
pupation 

The only othei internal organs in the arrested larva which have been 
found to show any abnormality are the Malpighian tubes which may he 
distended with calcium carbonate to a degree above the normal The 
gonads it may be observed are not larger than in the i ontrols at the time 
of pupation 

lliscussiox 

It is natural to compare the results obtained from Calliphora with the 
findings of Hadorn in J)rosophila The close similarity in structure and 
development of the two insects makes one expect that the role of Weis- 
mann’s ring would bo the same in each case Bodenstem (1938) has 
jitrformed ligaturing experiments on Diosophila larvae and obtained 
essentially the same results as Fraenkel (1935) working on CaUiphora 
Furthci, the drawings given by Auerbach (1936) of the development of the 
wing bud in Drosophila show a series very similar to that given above for 
CaUiphora Hadorn (1937/c) states however that the implanted ring only 
hastens the formation of the pupa and does not affect the development of 
the imaginal buds for if pupation is made to take place too early, then the 
pupa dots not develop adult characters This rather suggests that the 
influence of Weismann s ring on pupation and on the growth of the 
imaginal buds arc separable effects Alternatively, it may be that the 
functions of the organ are cbfferont even in insects so apparently similar 
as CaUiphora and Drosophila 



On the corpora allata of dipterous insects 


221 


In this connexion it la interesting to tonaider the effects of removal of 
the corpora allata m insects of other orders In Orthoptera, Weed (1936) 
has given preliminary results on the grasshopfier Melanoplus differentiahs 
She hnds that loss of the coipora allata in the last instar hut one of the 
life cycle does not jirevent the occuircnti, ot the hnal moult On the other 
hand, it does prevent the adult from becoming sexually mature This last 
hnding la in agieemcrit with the results of Wigglesworth (1936) which 
indicate that the corpora allata are res])onsiblc tor the. onset of sexual 
maturity in Rfiodmii'y Pflugfeldei (1937) r< moved the gland from Ihrippui 
woroins (Orthoptera) as early as the third mstai The ojierated nymphs 
atilt underwent tw o eedy ses hut started to la> eggs m the ith instar mstead 
of m the 7 th as noimally Ohviousl\ in this case the corpora allata aie 
not necessary foi rc firoduction and moulting At the sanio time, they 
exercise one function similar to that m Jiliodtiiw^ for they control the late 
at which the insect hcconies adult Wigglcsworth (1936) obtained [irc- 
(oc ions adults in place of nymjths by leniov mg the head dining the c ritical 
jicriod—an effect to be asciibcd to a limitation of the period during which 
the corpus allatnm can discharge its seclef 1011 into the blood Another 
point taiscd b\ the work of Weed and Pflugfelder is in legard to the onset 
of sexual maturity here even witliin the limits of one order there appears 
to be a difference in the control exerted h> the coipora allata 

The work of Bounliiol (1936, 1937a 1937ft) has perhaps more bearing 
on the present jiajicr because it has been caiiied out on a holometabolous 
insect, yi7 the silk worm /Jcwwftyr won Bounhiol icmoved the corpora 
allata from laivac of ages varying from I to 14 days after the last larval 
moult Pupae, were obtained no mattei at what stage the operation was 
performed He also hnds (Bounhiol 1937a ft) that in the preceding instar 
loss of the corpora allata may alter the development to the extent of 
causing pupation to take the place of the noimally ensuing larval ecdysis— 
once again an instance of luccocious niaturitv following removal of the 
corpora allata Kuhn and Piepho (1936) using the moth Ephesha / ulinietlo 
and Plaggc (1938) working on the haivae ot the hawk moth Ikdephila 
euphorbiae agree with Bounhiol that the corpora allata are not to be 
regarded as the source of the pupating hormone in Lepidoptera Both 
authors find that removal of thesupra oesophageal ganglion (brain) prevents 
metamorphosis (follow'ing Kopec 1922) Further, they can induce pupation 
in such larvae by grafting another brain into their bodies, and claim that 
pupation can be made to occur by this means oven m cases where the 
corpora allata are not present in the graft 
The results obtained in the Lejiidoptera appear to suggest that the 
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functions of the corpora aliata m that order are different from those of 
Weismann’s ring m the Diptera But a possible comphcation must not 
be overlooked, and here the work of De Lerma ( 1937 ) is relevant to the 
discussion He has made a histological study of the corpora aliata and 
corjKira ]jharangea m the Orthoptera The corpora pharangea are a pair 
of ganglion like structures variously termed by other authors the corpora 
cardiaca, oesophageal ganglia or occipital ganglia T)e Lerma confirms the 
previous view that the corpora aliata are eom])osed of cells of non-nervous 
typo, but he also concludes that the corpora pharangea contain a large 
proportion of non nervous tissue Ho goes on to point out that a similar 
condition is found in Coleoptera {Ili/flroplnlus) and in Hymenoptera 
(Veipa) It may be added that I’flugfclder ( 1937 ). m his account of the 
histology of the c or]iora cardiac a ( = corpora pharangea) ot Ihxxppus, finds 
a large number of cells of non-nervous tyjie l)e Lerma further claims that 
these cells in the corpora phaiangea give signs of secretorv activity m that 
they show an accumulation of granules and drops m the cytoplasm In 
a recent jiajter I’flugfelder ( 1938 ) bungs adchtionnl obseivations on this 
point He shows that m termites the hvi)ettro{)hy of the corpora aliata 
which takes ]ilaco m the matuie sexual forms is accompanied by a corre¬ 
sponding increase m the size of the c orpora cardiai a (= corpora pharangea) 
There is no experimental evidence as to what the function of the corpora 
cardiac a might be At the same tune one must not overlook the possibility 
that the symiiathetu system of inserts contains more than one tyjie of 
endocrine organ 

In view of the maiked variations in the arrangement of the corpora 
aliata and cardiaca in different insects, it may lie that, m o]ieration 8 aimed 
at removing the corpora aliata, tliere have been differences in the degree 
to which thecorpoia cardiaca have been injured We saw that m Calhpkora, 
where the sympathetic system is much approximated, removal of Weis- 
mami’s iing involves removal of the adjacent symjiathetic ganglion In 
forms such as Dtxippns, Melanoplm and Bombyx a sharper separation of 
the corpora aliata and the corjiora cardiaca may be possible 

Alternatively, it may be that the corpora aliata exhibit marked 
differences of function in different orders, and perhaps even m different 
memliers of the same order The work on various speeies ol insects is 
obviously not jet far enough advanced to allow one to discriminate 
between these possibilities 

I should like to express my gratitude to Dr A D Imms, F R S , for his 
kind advice and criticism T also wish to thank Messrs M G M Pryor, 



On the corpora allata of dijjterous insects 223 

G Salt W H Thorpe and C H Waddmgton for helpful criticisms and 
suggestions I am indebted to the Department of Scientihc and Industrial 
Research for a grant held whilst doing this work 


SinniARY 

Evidcme is given (oncerning the tumtioii of Weismann’s ring which, 
as was suggested by the author in 1037, represents in Calhphora the 
corpoia allata of other insects Methods are described tor evtirjiating 
Wtismann’s ring in the larva of Calhphora Pupation lan be prevented 
either by removing Weismann’s ring or by cutting the nerve connexions 
to tins organ Removal of the ring in larvae whu h are still feeding i auscis 
an arrest of development Such laivae i ontiiiue to feed for a period greatly 
e\(ceding (he normal, and the growth ot their miagmal buds is arrested 
It is concluded that Weismanii’s ring secretes the pupating hormone 
ciiscoveied by P’raenkel, and in addition influences processes taking ])lace 
prior to pupation The woik ot Hadorn on Weismanii s ring in Drosophila 
IS bnefly reviewed, and the somewhat discotdant results obtained by 
woikers who have removed the corpora allata in species of Orthoptera 
and Lepidoptera are discussed 
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The effect of andiogenie substances on the growth of 
the teat and mammary gland jn the immature 
male guinea-pig 

By A 0 Bottomli-y anp S J Foilly 
yahoml Institute for ReMurch in Datryinq, Untiemity of Rewhng 

{Cotnmuniaifed by A R Patkes, FR S --Recetml 10 Jieie l‘HH) 

(Plat. 10) 

It IS commonly believed that m most species of mammals the mammary 
glancl m the male remains rudimeiitarY throughout life and consists only of 
a duct system at the base of the teat which itself remains smaller than in 
the puliertal female Noveitheless, there m no doubt whatever that the 
male mammary gland is equipotential with that of the ft male as regards its 
capability of responding to the growth stimulus of ovarian hotmones and 
consequently the male has been extensively used in studies of the experi¬ 
mental development of the mammary glancl (see numerous citations by 
Nelson 1936) 

The above generah/ations are not ecpially true for all species however, 
since there is a certain amount of evidence that m some mammals, notably 
the rat and man the male niainmary gland undergoes at puberty more lapid 
and extensive growth than that required merely to keep pace with general 
body growth The oc c urrcnce of moderate inaniiiiary development at some 
stage in the life ( yelo in the male lat may be inferred from the observations 
of Turner and Schult/e (1931) who mention the presence of lobules m the 
maniniary gland of tlu mature male while McKuen Selye and ('olhp (1936) 
actually observed considerable growth of the male mammary gland m the 
rat at puberty 

In man, the observations of Andrews and Kampmoier (1927) suggest 
that the male niammaiy gland normally undergoes some considerable 
degree of development, while Jung and Shafton (1935) claim to have 
observed enlargement ot the mammary gland detectable by palpation in 
boys at puberty 

The results of McEuen, Selye and (‘olhp {1936) suggest that the develop¬ 
ment of thy mammary gland m the male may be due to the endocrine 
[ 224 1 
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activity of the testes, since the growth which occurs at puberty was 
prevented by prepubertal castration, while niammary involution followed 
castration of mature males On the other hand, Tumor and Sc hultze (1931) 
reported that castration caused no regression of the mammary gland of the 
male rat, while Smelser (1933) reported that the mammary apparatus (teat 
and mammary duct system) of the male guinea pig undergoes no regression 
after castration 

In addition to these species ior which there is evidence that the male 
mammary gland normally exhibits a moderate degree of growth and 
development during the life cycle abnormal mammary development 
(gynaecomastia) in the male, sometimes aicompanied by milk secretion, 
occasionally occurs in various species Seitert (1920) cites reports of v arious 
cases of gynaecomastia in man Folley, (luthkelch and Zuckernian (1938) 
have observed one case of abnormally extensive mammary development m a 
male rhesus monkey Cases ol abnormal development of the male teat and 
mammary gland sometimes accompanied by milk secretion appear to 
ociur with greater freciucruy in the goat than in other animals (see Herre 
1933 and Spann 1933) though according to Turner and Gomez (1936) 
mammary development in the male goat is normalH very restricted 

Growth of the male mammary gland at pulierty might be accounted for 
m two ways (a) production of a primarily oestrogenic substance such as 
evidently occurs m many male mammals, (h) action of the testicular hor¬ 
mone itself In support of the latter hypothesis may be cited the fact that 
administration of testosterone to rats has been shown to cause mammary 
development (Selye McEuen and ('ollip 1936 Astvvood Geschickter and 
Rausch 1937) The latter workers record that the niammaiy gland of the 
mature male rat differs from that of the pubertal female m having a rela 
tively small area but a dense lobule-alveolar system and that administra¬ 
tion of testosterone induces development of this type in both male and 
female immature gonadectomized rats P'uither Nelson and Gallagher 
(1936) reported that administration of the artificially produced androgens 
androstandiol and androstendiono to rats caused piolifcration of the 
mammary gland, while androsterone was inactive in the dose used 

It 18 likely therefore that the normal growth of the male iiiammarj 
gland IS due to the gynaecogenic action of the male hormones produced by 
the testes and there appears to be no need to postulate the action of the 
oestrogenic substance produced by the male body 'I’lie causation of 
gynaecomastia further discussed below may be more comjilicated 

Recent investigations (e g Butenandt and Kudsziis 1935, Beanesly and 
Parkes 1936, Korenchevsky and Hall 1937) have shown that many 
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androgenic substances possess gynaecogenit properties, and since the power 
to promote development of the mammary apparatus is undoubtedly a 
gynaecogenic property, it was considered ot interest to study the effect of a 
large series of androgens on the development of the mammary apparatus 
It was hojied that suth a study would yield furthei information on the 
nature of the testicular control of the normal male mammary gland and 
also on the possible causes of gynaecomastia in the male 

Experimental 

Ex)>f‘nmental antmah and treatment The work was carried out on 
normal and castrated immature maleguinca pigs weighing about 150-170 g 
at the beginning of treatment Groups of five or more animals were used 
but m three instances one member of a group died All animals grew 
steadily throughout the experiment Castration was pcrlormed through a 
mid-veiitral incision under A\ertin anaesthesia (0 65 ml % Avertin per 
100 g body weight intraperitoneally) The dose of all androgens was 2 mg 
daily except for testosterone propionate of which the daily dose was 
2 .16 mg (= 2 mg testosterone) The total number ot injec tions varied 
somewhat from group to group, but os will be seen in Table I it was always 
round about 30 When possible, the daily dose of androgen was dissolved 
111 0 2 ml sesame oil, but for the relatively insoluble diols 0 8 ml was 
necessary In order to examine the effect ot volume of solution on response, 
testosterone and its propionate were injected at both dilutions Two control 
groups received daily injections of 0 2 and 0 8 ml sesame oil respectively 

Method of assessing mamnuiry develojment Three obvious methods are 
available for studying mammary development, namely, measurements of 
teat length and examination of mounts of the w hole gland or ot histological 
sections .Smelser ( 1933 ), in his studies of the experimental development of 
the mammary gland m the male guinea pig, relied chiefly on the first He 
considered that increases in teat length ran parallel with general mammary 
dev elopinent and that alterations in teat length are far easier to measure 
than changes in mammary gland area He also pointed out that measure¬ 
ment of teat length possesses the further advantage that a series of 
observations can be made on one animal Smee the teat length techmque 
18 so convenient, it has been used m the work described in this paper, 
though in all cases histological examination of tissue surrounding the base 
of the teat has been made at the conclusion of the experiment 

Duplicate measurements of both teats of each animal were made to the 
nearest 0 1 mm with small screw dividers at 7 day intervals beginning on 
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the hrst day of each expenment, body weight being lecorded at the same 
time The measurements for all animals m a group on a given day were 
averaged so that each point on the teat growth rate curves represents the 
mean ol 16-36 measurements b'lnal measurements were made on the day 
after the last mjection, when the guinea pigs were killed with coal gas 
The mammary duct system and suirounding connective tissue, and the 
teat, were dissected off and fixed in Helly’s modifacation of Zenker’s fluid 
Sections were cut at Hy and stained with haeinatoxylm and eosm 



Tablk I 

No of 




guinea pigs No of daily 

Group nc 

) InjcctioiiB 

m group 

mjettions 


(a) 2 mg androgen dissolved in 0 1 ml 

sesame oil dady 


1 

Sesame oil 

8 

31 

2 

friesame oil 

4 (castrated) 

31 

3 

dj Androstendiono 

6 

32 

4 

m Andr()Htc<rone 

9 

31 

5 

J5 Irana Dehydroandrostcrono 

5 

31 

H 

Dihydro testosterone* 

6 

32 

7 

17-Methyltestos6 rone 

6 

34 

« 

'lastostorone 

4 

32 

9 

rostosterono propionate 

6 

12 

10 

Testosterone propionate 

4 (castrated) 

32 


(6) 2 mg androgen dissolved in 0 8 ml 

sesame oil daily 


11 

Sesame oil 

9 

24 

12 

cia Androstandiol 

') 

28 

13 

dj trans Androstendiol 

5 

28 

14 

d, trans Androstendiol 

6 (caatrated) 

28 

16 

Testosterone 

6 

27 

18 

Testosteronii jiropionate 

5 

27 


* 3 keto aetio aWochoIanol-17 


The rate of teat growth in the normal immature male Previous observa¬ 
tions (Bottomloy and Folley 1937 ) had suggested that m the young male 
gumea-pig the rate of teat growth relative to the rate of general body 
growth 18 approximately isometric (see Huxley and Teissier 1936 ) over a 
period of 62 days dunng which the body weight increases from about 
230 to 430 g This, in effect, means that the mcrease in teat length keeps 
pace with the increase in body length Many growth phenomena obey the 
simple allometric law of Huxley ( 1932 ) which is usually written i/ = 6 x*, 
where y = the length of the organ under consideration, x = the length of a 
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reference organ, and b and a are constants This relation may also be 
expressed m the form 

logy = log 6 + a log X, 

so that if growth data obeying this law are plotted logarithmically, a 
straight bne of slope a w ill be obtained In the case of isometric growth 
which may be considered as a special case of allometnc growth, the second 
expression becomes log y = log 6 +log x and the straight line obtained by 
logarithmic plotting ot the data will have a slope equal to unity 

The obvious standard for body size with which to compare the teat 
length {L) is, of course, the body length Owing to the difficulty ot obtain- 
uig reliable measurements of body length in animals such as the guinea- 
pig, the one-third power of the body weight {^W) was adopted, since it is 
probable that the rate of increase in this function is approximately pro¬ 
portional to the rate of increase m the body length 



Flu 1 Changt\s in the ratio Lj^W with time, where L=:teat length in mm and 
IF = body w< ight mg O ——O (lumea pigs nceivmg daily injections of 0 2 ml 
sesame oil □ -—-fl Gumoa pigs receiving daily injections of 0 8 ml sesame oil 

A--A Guinea pigs castrated one week before the first measurement, thereafter 

receiving daily injections of 0 2 ml sesame oil 

Mean values for the ratio Lj'^W for the two normal control groups 
(Groups 1 and 11) and the group of castrated controls (Group 2) are plotted 
against time in fig 1 8uch curves are hereinafter referred to as curves of 
relative teat growth rate 

The curves for intact males show that the ratio Lj-^W remains practically 
constant, which means that over the time covered by these expenments, 
teat growth in the young gumea pig is isometnc In each curve the point 
which deviates most from constancy is the first, corresponding to the 
smallest teat length and the greatest error in measurement 
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The isometry ot teat growth vn the intact young male is shown in 
another way in fig 2 in which the data are plotted logarithmically The 
twelve points obviously indicate a linear relationship between the logarithm 
ot mean teat length and the mean value of (body weight)* and the best 
straight line fitted by the method ot least squares is also shown in fig 2 
The sloiie of this straight line is 1 078 , which is sufficiently near to unity 
to indicate isometnc growth For comparison with other data this line is 
shown as a dotted line m tigs 6 7, 8 and 12 



J K 2 Curve showmg isometry of teat growth in tho normal male guinea pig Ihe 
straight lino shown in tho figure has boon fitted by the rni'thod of least sijuarou Its 
sloiM' = 1 078 bor isometry the slopo should bo I <H)0 O Guinea pigs receiving daily 
injections of 0 2 ml sesame oil □ Guinea pigs receiving daily injections of 0 8 ml 
sesame oil 

The effect of cmtratvm on the rate of teat growth In fig 1 the curve relating 
to the castrated controls (Group 2 ) shows a decreasing ratio Lj-^W, which 
means that castration is followed by a phase of negative allometry (see 
Huxley and Teissier 1936) There is no absolute decrease in the length of 
the teats, but they merely cease to increase m length after castration 
This result, which is not in accord with those of Kmelser (1933), suggests 
that the isometnc growth of the teat in the immature male is maintained 
by the endoenne activity of the testes 
The effect of unsaturated androgens on teat growth The mean relative 
rates of teat growth for the groups of gumea-pigs receiving injections of 
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A^-trans aiulrostendiol, testosterone propionate (lower dilution), A^-tram- 
dehydroandrosterone and J^-androstendione, are plotted in hg 4 For the 
sake of clarity all the curves in fig 4 (and in figs 5, ‘t, 10 and 11) were made 
to ongmato from the same pomt by plotting the increase in the ratio 
along the vertical axis against time along the horizontal axis 



10 20 10 
l)n\s 


Fill 3 The effect of castration on t( at length in tlio young male guinea pig 
/ji— A (Juinoapigs castraUxl oiu w« i k h< foro tlio Ist nu axuiement then after 
retooivmg daily injections of 0 2 ml sesame oil O - O t->uini a pigs loccivmg daily 
mjoctions of 0 2 ml sesame oil 

All of these androgens except J 4 androstendione taused nioie rapid 
relative teat growth than that shown by the controls (le positive allo- 
iiietric growth), A^-trans aiidrostendiol giving by tar the greatest effect 
The teats of the animals receiving injec tions of A^ androstondione grew at 
about the same rt lative rate as those of the controls (i e approximately 
isometncally) In a prehminary cuinniunication (Bottomley and Folley 
1938) it was rejKirted that in those experiments treatment with all of 
the androgens listed m Table 1 except A^trans dehydroandrosterone, 
caused testicular atrophy, presumably by depression of the gonadotropic 
potency of the hypophysis Since castration is followed by cessation of 
teat growth, it follows that most of the curves shown in fig 4 (and also 
figs 6 , 9, 10 and 11) express tlu resultant of two tendencies, namely the 
tendency of the teat to exhibit positive allometry under the stimulus of the 
administered androgen and a slight tendency to exhibit negative allometry 
because of the “ castration effect ” From the results of Bottomley and 
Folley (1938) the magnitude of the latter may be assumed to be practically 
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the same for all the androgens used except Jj-troTW-dehydroandrosterone 
which had no action on the testis in the dos%ge given and cw-androsterone 
which was less active than the other androgens It follows that the teat 
growth-promoting activities of Jj-trans-androstendiol and of testosterone 



Fio 4 Effect of unsaturattwi androgeriH on relative rate of teat growth O-O 

Uuinea pigs receiving daily injectionH of /I, trana androatendiol □-□ (luinea 

pigs receiving daily injections of Testosterone propionate (in 0 2 ml sesame oil) 
Guinea pigs reoeivuig daily mjections of J, trana dehydroandrosterono 
A-A Guinea pigs receiving daily injections of androstendione 

propionate relative to that of Jj-fmiw-dehydroandrosterone is a little 
greater than indicated by fig 4, and that ^j-androstendione must be 
slightly active smce it maintamed isometric teat growth despite the 
“ castration effect ’ ’ 

Fig 6 shows similar curves for the groups of guinea-pigs given testo¬ 
sterone (at the lower dilution) and IT-methyltestosterone In both cjises 
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Fio 6 Effect of luiBaturated androgens on relative rate of teat growth O-O 

Guinea pigs receiving daily injections of 2 mg testosterone m 0 2 ml sesame oil 

□-□ Gumea pigs roceivmg daily injections of 2 mg 17 methyltestosterone in 

0 2 ml sesame oil 



Fio 6 Effect of unsaturated androgens on the relative rate of teat growth 
O Guinea pigs receiving daily injections of d, traiM androstendiol Gumea pigs 
receivmg daily mjections of d, trant dehydroandrosterono 
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there was an initial period during which the teat exhibited approximately 
isometric growth followed by a phase of positive allometry The mitial lag 
m the relative teat growth rate in the experiments with testosterone 
(lower dilution) and IT-methyltestosterone may be due to the “castration 
effect” settmg m with especial rapidity and, for a time, counteracting the 
direct effect of the androgens on the teat 



Fio 7 Effect of unsaturated androgens on relative rate of test growth □ Guinea 
pigs receiving daily injections of 2 0 mg testosterone as propionate m 0 2 ml 
sesame oil A Gumea pigs receivmg daily injeotions of 2 0 mg ^4 androstendione m 
0 2 ml sesame oil 

IjOganthmic plottuig of the teat growth data shows that A^-lrana- 
androstendiol, dj-<raiw-dehydroandro8terone (fig 6) and testosterone 
propionate at the lower dilution (fig 7) cause growth of the male gumea- 
pig teat accordmg to the law of simple (positive) allometnc growth, each 
set of pomts bemg well fitted by a straight Ime of slope greater than umty 

The straight lines shown in fig 6 and subsequent diagrams (figs 7, 8 and 
12 ) were fitted to their respective sets of pomts by the method of least 
squares The Ime for the animals receiving id 4 -androstendione is parallel 
to that for the control ammals (le its slope is approximately umty), a 
result which agam indicates isometric growth of the teat m this group 
The pomts for the expenment with n-methyltestosterone are well fitted 
by two straight Imes (fig 8 ), the slopes of which mdicate that an imtial 
phase of negative allometry is followed by a phase of positive allometry 

The results of the experiment with testosterone, in which one ammal 
died, were irregular and it was not possible to fit a fine to the pomts 
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The effect of eaatralton on the response of the teat to unaaturated androgens 
Two expenments were earned out m which teat growth under the influence 
of dj irana androstendiol and testosterone propionate was compared in 
intact and castrated guinea-pigs The relative growth rates are plotted in 
fig 9 



Fig 8 Effect of unsaturated androgens on relative rate of teat growth □ Guinea 
jugs receiving daily injections of 2 0 mg 17 mothyltestosterone in 0 2 ml sesame oil 
O Guinea pigs receivmg daily injections of 2 0 mg testosterone in 0 2 ml sesame oil 

It will be seen that testosterone propionate is less effective m promoting 
teat growth after castration This result, which indicates that the testes 
cause some teat growth, agrees with our other results A^-trana-andao- 
stendiol, on the other hand, is almost as effective after castration, probably 
because the power of the testes to promote teat growth is small compared 
with that of the injected dj-fraiw-androstendiol and its loss comparatively 
insignifacant 

The influence of the daily oil volume and of eaterification on the capacity of 
testosterone to promote teat growth Two groups of guinea-pigs received daily 
injections of 2 mg testosterone as propionate dissolved in 0 2 and 0 8 ml 
sesame oil respectively Free testosterone was administered to two other 
groups in the same dilutions The rates of relative teat growth for all four 
groups are shown m fig 10 

Both substances were more active when admmistered in the smaller 
volume of oil At the higher dilution esterification had little influence on 
the effectiveness of testosterone, while at the lower dilution estenfication 
abolished the initial lag in the response to testosterone The result at 
32 days, however, was the same for testosterone as for its propionate 
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The effect of saturated androgens on teat growth The androgens with fully 
saturated ring structures used in this study, cia androsterone, dihydrotesto- 
sterone and cM-androstandiol, all caused testicular atrophy, but cis- 
androsterone to a much less degree than the others (Bottomley and 
Folley 1938 ) The relative rates of teat growth for the groups of guinea- 
pigs receiving injections of these three substances are shown in fig 11 The 
corresponding curve for castrated controls is included for comparison 
In fig 12 the results are plotted logarithmically in the usual way The 
points for the group receiving dihydrotcstosterone fall very close to a 



Fio 9 Comparison of the teat growth promoting activities of unsaturated androgens 

m castrated and intact gumea pigs O-O Intact gmnoa pigs receiving daily 

mjectiona of J, trane androstendiol O O Castrated guinea pigs receiving daily 

mjections of tram androstendiol □-□ Intact gumea pigs receiving daily 

mjeotions of testosterone propionate (m 0 2 ml sesame oil) □ - □ Castrated 

gumea pigs receiving daily mjections of testosterone propionate (m 0 2ml sesame oil) 
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Fio 10 Effect of oil volume and esterificatjon on the t«at growth promoting activity 

of testosterone □-□ Guinea pigs receiving daily injections of 2 0 mg teeto 

sterone as propionate in 0 2 ml sesame oil □ □ Guinea pigs reoeiving daily 

mjection8of2 Omg testosterone as propionate in 0 8 ml sesaineoil O-O Gumea 

pigs receiving daily injections of testosterone m 0 2 ml sesame oil O O Gumea* 

pigs receiving daily mjections of testosterone in 0 8 ml sesame oil 



Fig 11 Effect of saturated androgens on the relative rate of teat growth 

O-O Gumea pigs receiving daily injections of dihydrotestosterone A-A 

Guinea pigs receiving daily injections of cm androstandiol □-□ Gumea pigs 

receiving daily mjections of cm androsterone •-• Guinea pigs castrated one 

week before the let measurement and thereafter reoeivmg daily mjections of 0 2 ml 
sesame oil 
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straight line parallel to the best fit straight line forthe points relating to the 
control animals Dihydroteatosterone at the high dosage given, therefore, 
possesses sufficient activity to maintam allometnc teat growth in spite of 
the “castration effect” The points for the androsterone group shown m 
hg 12 are well fitted by two straight hnes the slopes of which would indicate 
that in this group there was first a phase of negative allometry followed by 
a phase of positive allometry The results for as androstandiol were so 
irregular that no attempt could be made to fit a straight line to them In 
none of these throe experiments did the relative rate of teat growth much 
exceed that for the normal controls nor fall as low as that for the castrated 
controls Even allowing for the fact that all of these androgens caused 
testicular atrophy, it may be concluded that their power to promote teat 
growth 18 very slight 



log Vbody wt g 

Fig 12 Effect of saturated androgens on relative rate of teat growth 0 Guinea 
pigs receiving daily injections of diliydrotestosterone □ Guinea pigs receiv mg daily 
injections of cu androsterone A Guinea pigs receiving daily injections of cis 
androstandiol 

Microscopic examination of the mammary glands Examination of sections 
from the control glands showed the presence of ducts which in one or two 
cases were fairly numerous (fig 13, Plate 10) 

These observations agree with those of Turner and Gomez ( 1936 ) 
Alveoh were not seen m any control gland and there was little evidence 
that the duct system was actively proliferating Only m the glands from 
gumea-pigs treated with Jj-fra/w-androstendiol, methyltestosterone and 
testosterone propionate (lower dilution) was there any clear evidence of 
stimulation Jj-fmrw-androstendiol appeared to be most active of the 
three compounds as would be expected from the data for teat growth The 
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glands from the guinea-pigs treated with this substance showed fairly 
extensive duct systems, the lumma of the mam ducts bemg larger than m 
the controls There were signs of active duct proliferation (budding) and a 
few alveoli could be seen (fig 14, Plate 10) The sections &om the animals 
receiving testosterone propionate and 17 methyltestosterone showed 
extensive duct systems which were actively proliferatmg though m neither 
case could the presence of alveoli be distinguished The mammary gland 
of the male gumea-pig, therefore, does not appear to respond to un- 
saturated androgens by alveolar formation, as does the mammary gland 
of the rat to testosterone (Astwood, Greschickter and Rausch 1937) 


Discussion 

Our observations mdicate that m the young normal male gumea-pig the 
growth of the teat just keeps pace with general body growth, but m the 
castrated guinea-pig there is no growth of the teat The latter result is 
more in accord with that of McEuen, Selye and Collip (1936) on the male 
rat than with that of Astwood, Geschickter and Rausch (1937) on the rat 
and Smelser (1933) on the gumea-pig The present work, as well as that of 
Selye, MoEuen and Collip (1936) and Astwood, Geschickter and Rausch 
(1937), shows that testosterone will promote growth of the teat and 
mammary gland and it is unnecessary to assume that mammary develop¬ 
ment m the mature normal male is due to the action of the oestrogemc 
substance found m the male body It is conceivable that the abnormal 
mammary development characteristic of gynaecomastia may be due to the 
production of abnormally large amounts of oestrogens by the male, but 
from the present work it might be due to the pathological production by 
the body under certain conditions of such compounds as dj-froTW-andro- 
stendiol 

The imsaturated androgens caused the teat to grow at an awoelerated 
rate relative to the rest of the body, accordmg to the simple allometno law 
of growth, in spite of the fact that the body weight of the animals mcreased 
by about 60 % during the experiments, so that the daily dose of androgen 
per gram was progressively falling It is likely that the dosage of all the 
androgens was above the threshold required for maximum growth of the 
teat 

No accurate statement of the relative power of the compounds studied to 
promote teat growth is possible, since dose response curves were not 
determmed and smce the growth phenomena were comphoated by 
“castration effects” of unknown magmtude, but some idea of the relative 
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activities is afforded by the values for the exponent a, called by Huxley 
and Teissier (1936) the equilibrium constant, which are given m Table II. 
In each case the equilibrium constant given m Table U is the calculated 
slope of the "least squares” Ime, only oases where the pomts were well 
fitted by a straight Ime bemg included 

Table II Efebct of andboobns on bslativb bats of teat obowth 

Equilibnum 


Treatment ooiuttuit 

trana Androstendiol* 3 65 

17 Methyltestoaterone (2nd phaee) 3 21 

Testoaterono propionate (lower dilution) 2 26 

Af tratM-Dehydroandroeterone 1 77 

ct< Androsterone (2nd phase) 1 34 

J4-Andro8tendione 106 

Dihydroteetoeterone 1 03 

Ses^e oil (both groups combined) 1 08 


• It 18 of interest to note that the teat growth promoting activity of A, traru- 
androstendiol is very much less than that of oestrone An experiment m which 
male gumea pigs were given daily mjeotions of lOy oestrone gave a value for a of 6 9 

If growth of the teat and of the mammary ducts and alveoli run parallel, 
our results do not agree with those of Nelson and Gallagher (1936) who 
found that injections of androstandiol and androstendione caused marked 
mammary proliferation m spayed virgin rats Neither are they m accord 
with those of Jadassohn, Uehlmger and Margot {1938) who found that not 
only testosterone propionate but also androsterone, d^-androstendione and 
androstendione caused enlargement of the teatq of male gumea-pigs when 
apphed to the teats m aqueous solutions 

Certam correlations between power to promote teat growth and chemical 
structure were observed The fact that all the saturated androgens mvesti- 
gated were mactive, or nearly so, while all of the unsaturated substances 
except d^-androstendione were active suggests that the power to promote 
teat growth is dependent on the presence of a double bond (d* or d,) m the 
ring structure As a particular example, testosterone was active while 
dihydrotestosterone was practically maotive In addition to a double bond 
the presence of one hydroxyl group m either the 3 or 17 position seems 
necessary to confer activity, since testosterone was active while 
androstendione was almost maotive Further, comparison of the relative 
activities of d,-trons-andro8tendiol and dj-^mns-dehydroandrosterone 
suggests that dihydroxy compounds sire more active than hydroxyketones 
The activity of a 17-hydroxy unsaturated androgen, is hardly affected by 
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the introduction of a methyl group on the 17-oarbon atom (compare reeults 
for testosterone and n-methyltestosterone, fig 5) 

We are grateful to Dr K Miesoher and Messrs Ciba, Ltd , for the 
androgens used in this work and to Mr J McClemont for affordmg facibties 
for work with gmnea-pigs 

SuMMAKiT 

1 In the young male gumea-pig between 150-430 g body weight the 
teat grows isometncally with the body as a whole 

2 This teat growth ceases after castration and is, therefore, niaintamed 
by the endocnne activity of the testes 

3 The unsaturated androgens, ^j-^miw-androstendiol, testosterone, 
Jj-imrw-dehydroandrosterone and IT-methyltestosterone promote teat 
grow^th, Jj-/roratf-andro8tendiol bemg the most potent in this respect 

4 Data for the relative rates of teat growth under the stimulus of 

trans androstendiol, dj Imrw-dehydroandrosterone, testosterone pro¬ 
pionate and n-methyltestosterone give good agreement with the law of 
simple allometno growth 

6 The saturated androgens, cw-androsterone, cw-androstandiol, di- 
hydrotestosterone and the unsaturated diketone, Ji-androstendione, do not 
promote teat growth 

6 Testosterone and its propionate were both more active in promoting 
teat growth when the volume of oil medium used for injection was decreased 
Testosterone propionate was no more active than free testosterone 

7 The relative rate of teat growth caused by testosterone propionate 
was greater in intact guinea pigs than in recently castrated ones See 

2 above 

8 The activity of the androgens m promotmg teat growth appears to be 
correlated with the presence of a double bond (d* or d^) in the rmg structure 
of the molecule, and the presence of at least one hydroxyl group m the 

3 or 17 position also appears to be necessary for activity The most active 
substance studied was an unsaturated 3-17 diol 

9 Histological examination showed that A^-irana androstendiol, testo¬ 
sterone propionate and 17-methyltesto8terone stimulated the mammary 
ducts but caused very little alveolar development 
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The origin of the erythema curve and the pharmaco¬ 
logical action of ultra-violet radiation 

By J S Mitchell* 

Department of Collotd Science, The University, Cambridge 
(With Appendix by J S Mitchell and C B Allsopp) 
{Communicated by Eric K Rtdeal, FR S —Received 2 May 1938) 

The general quantitative features of the dependence on wave-length of 
the production of erythema m human skin by ultra-violet radiation were 
eetabhshed, as is well known, by the classical investigations of Hausser and 
Vahle (1921, 1927, cf Hausser 1928, 1934) Subsequent measurements by 
Luckiesh, Holladay and Taylor (1930), Uhlmann (1930), and Coblentz, 
Staur and Hogue (1931) have confirmed and extended the results, so that 

* Fellow of St John’s College, Cambridge This work was commenced during the 
tenure of a Beit Memorial Research Fellowship 
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there are now available relatively complete quantitative expenmental 
data in terms of which the pharmacological actions of ultra-violet radiation 
must be mterpreted 

The term “erythema curve”, introduced by Hausser and Vahle (1927), 
generally refers to the curve showing the relative variation with wave¬ 
length of the “erythemal effectiveness” (which is mversely proportional 
to the minimal erythema dose producmg a standard, just detectable, 
reddemng), but also is used to describe the variation with wave-length of 
the “erythemal mtensity ” (degree of reddenmg produced by equal mcident 
energy) (Hausser and Vahle 1927, figs 5 and 6) While the two types of 
curve are almost identical, the accuracy of measurement is very much 
greater in the former case, this alone will be considered here Typical 
measurements of the erythema curve (Coblentz, Stair and Hogue 1931) are 
shown in fig 2 (curve and the measurements of vanous authors are 

summarized by Coblentz, Stair and Hogue (1931) and Ellinger (1934) The 
extraj)()lated long wave-length limit lies between 3160 and 3180 A, while 
the curve approaches the abscissa asymptotically, with very low values 
(Hausser and Vahle 1927, Coblentz and Stair 1933, Lomholt 1936)—less 
than 0 6 % of the maximum—m the region 3200-3900 A The maximum 
of the curve lies at 2970 A and correlation of the available data suggests 
that the maximal error m this measurement is + 30 A Toward shorter 
wave lengths the curve falls rapidly to a minimum near 2800 A, and then 
rises again slowly, the values at wave-lengths less than 2700 A showmg 
great differences, accordmg to the measurements of the different authors, 
however, in this region the expenmental error is very great (cf Hausser 
and Vahle 1927, fig 6, Coblentz, Stair and Hogue 1931) 

In addition to its fundamental mterest, the problem of the origm of the 
erythema curve is of extreme importance from a therapeutic pomt of view, 
not only on account oi the need for absolute dosage but also because of 
the relationship of erythema production to the other local changes and to 
the general pharmacological actions of ultra-violet radiation This latter 
question, together with that of the biological processes as a whole, has been 
considered m great detail in a number of recent reviews (Laurens 1928, 
Lazarus 1928, Ellmger 1934, Duggar 1936), but here the relevant quanti¬ 
tative data must be summarized briefly as a basis for discussion of the 
general significance of the erythema curve 

The work of Hausser and Vahle (1921) suggested that the variation of 
pigmentation with wave length is very similar to that of reddenmg, but it 
is now certain that these two processes do not run exactly parallel 
(Uhlmann 1930), yet the wave-lengths of maxtmum efficiency for pigment 
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production appear identical with those for erythemogenesis Further, the 
compilation by Vl^s and de Coulon (1936) of the results obtamed by 
previous workers on the production of malignant neoplasia by ultra-violet 
radiation (Roffo, 1928, 1936, Findlay 1928, 1930, Huldschmsky 1933, 
Wahlgren 1934),''' and clinical evidence (Unna 1894, Dubreuilh 1907, 
Paul 1923, 1933, Matteucci 1934, Magnusson 1935, Molesworth 1933, 
1937) suggest that the wave-length of maximum efficiency for carcmo- 
genesis also lies between 2900 and 3000 A 

General, considerations 

Any mechanism suggested to explain the origin of the erythema curve 
must correlate the known facts of ultraviolet erythemogenesis denved from 
clmical observation and experiments, histological exammation and photo¬ 
chemical mvestigations 

From the pioneer work of Finsen (1900), the recognition of the erythemal 
response as an indirect capillary reaction has been discussed m detail by 
Krogh (1929) The experiments of Lewis and Zottermann (1926), demon¬ 
strating the “diffusion flush” after localized ultra-violet irradiation of 
human skin, provide direct evidence for the liberation of an active sub¬ 
stance, the so called //-substance, responsible for the vasodilatation 
Although there is some evidence for the production of an active substance 
of low molecular weight which diffuses rapidly (Torok 1928), the substance 
responsible for the diffusion flush, “predominant in the reaction to ultra¬ 
violet light, must be one of extremely low diffusibility” (Krogh 1929)— 
the -colloid (cf Feldberg and Schilf 1930) 

Probably the most characteristic single feature of the skin reaction to 
ultraviolet, m oontradistmction to A or 7 radiation, is the duration of the 
latent penod (see e g Waller 1931), which is apparently as yet unexplamed 
Histological examination (Keller 1924, 1928, cf Ellmger 1935, Eidmow 
1935, Goldsmith 1936) shows that, apart from the vasodilatation which 
only appears after the latent interval, the structural changes in ultra violet 
erythema are usually limited almost entirely to the stratum mucosum 
Further, it is evident from the pigment distribution (Bloch 1927), together 
with the erythemal reaction in negro skin (Hausser and Vahle 1927), that 
the primary changes are “superficial to the site of the melanm” (cf Gold¬ 
smith 1936) In the normal skm of whites, the pigmented layer, including 
the basal cells and to a less extent the adjacent pnckle cell8,f apjiears to 
* See Passey { 1937 ) 

t Together with the so called dcndntic cells at the surface of the oorium (Bloch 
19*7) 
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form a very efficient absorbmg screen for ultra-violet radiation (Miescher 

1931) 

Hausser and Vahle (1927) regarded the physiological changes m erythema 
as a sequel to photochemical processes and recognized a general relation¬ 
ship between the erythema curve and the variation with wave-length of 
the absorption coefficient of human skin, the mmimum of the erythema 
curve near 2800 A corresponded closely with the absorption maximum of 
skm as determmed by their own measurements, which differed con¬ 
siderably from the earher results of Hasselbalch (1911) Later absorption 
measurements by Anderson and Macht (1928), Bachem and Kunz (1929), 
Lucas (1931), Bachem (1931) and Angus and Taylor (1932) have confirmed 
these conceptions 

It 18 well known that Elbnger (1928, 1929, 1930, 1932, 1934, 1935) has 
suggested that the diffusible /f-substance is histamme formed photo- 
ohemioally from histidine, although Szendro (1931) regards it as probably 
immazolyl acetaldehyde However, Bourdillon, Gaddum and Jenkins 
(1930) concluded that their experiments “do not support the suggestion 
that the erythema following irradiation of the skm is due to the formation 
of histamine from histidme by the simple chemical process which can be 
demonstrated outside the body ” 

A simple hypothesis, which appears consistent with these observations 
and IS capable of quantitative formulation, is that the eiythemal response 
18 due to photochemical decomposition of some constituent of the cells of 
the stratum muoosum with hberation of active reaction products, which then 
diffuse to the region of the minute vessels of the subpapillary venous 
plexus of the conum and lead to vasodilatation Thus the latent interval 
appears to be, at least in part, a diffusion time There are two further 
assumptions, whose validity wiU be discussed below 

(a) The stratum corneum behaves as an mert scattering and absorbing 
screen through which the incident radiation producmg photolysis is trans¬ 
mitted with decreased mtensity 

(b) The pigment layer between the stratum mucosum and conum behaves 
as a perfect absorbing screen preventmg any transmission of ultra-violet 
radiation into the conum • 

The intensity of the erythemal reaction is assumed to be proportional to 
the amount of photolyte decomposed per umt area of the stratum muoosum 
That this IS true as a first approximation is confirmed by the observations 
of Hausser and Vahle (1927, fig 7) that at any given wave-length for high 

* The approximate validity of this assumption is shown by the work of Keller 
(i9Z4, 1928), Bloch (1927), Hausser and Vahle (1927) and Mieeoher (1931) 
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intensities, the degree of reddening is linearly proportional, within the 
experimental error, to the energy incident on the surface of the skin (The 
duration of irradiation must be small with respect to the latent period, i e , 
sufficiently short that changes m the concentration of photo-deoomposition 
products by diffusion are negligible dunng exposure ) Thus the number of 
active molecules hberated is proportional to the energy absorbed in the 
stratum mucosum 

In the experimental measurement of the erythema curve, large fields 
only are considered, i e the Imear dimensions of the cross-section of the 
normally incident light beam are large with respect to the thickness of the 
stratum corneum, e g with the apparatus of Hausser and Vahle (1921) the 
field dimensions were 0 6-2 0 x 30 mm , while the thickness of the stratum 
comeum on the flexor surface of the forearm was of the order of 0 06 mm 
(cf Hoepke 1927, Bachem 1931, Maxiraow 1934) The use of large fields 
introduces considerable theoretical simplification 

Physical theory* 

From the point of view of hght absorption the human skin can be 
represented by a simple “ model” (fag 1) m which the epidermis is regarded 
as consisting of two strata of uniform thickness 

(A) the stratum comeum which behaves as a scattering and absorbing 
screen, and 

(B) the stratum mucosum, which behaves as a homogeneous solution 
of photolytea, in which scattering is assumed to be negligible (cf Chambers 
and de Kenyi 1925) 



{ direction of incident light 

Stratum corneum 


stratum mucoaum^^^^^ 


pi^entl6ver. ’...."3... 


conum 

Fio 

\ 


♦ The purely mathematical steps m the argument are condensed as far as possible 
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The pigment layer is interposed between the stratum mucosum and the 
conum The stratum lucidum is probably to be regarded as part of 
stratum (A) together with the stratum oorneum 

The radiation of intensity is mcident normally on the surface of 
stratum A, of thickness m the positive direction of the Z axis It is 
required to find the energy absorption per sq cm in the stratum mucosum 
of thickness Z by a constituent compound of molecular extinction co¬ 
efficient e, present in solution in concentration C mol /I, Beer’s Law being 
obeyed (cf Bonhoeffer and Harteck 1933) 

The energy crossing normally unit area per unit time at a point P (see 
fig 1) m the stratum mucosum as a result of scattenng from unit elementary 
area at the point P', at distance r from P, in the AB interface can be 
wntten in the exact form 

^r5 = ^*7A(cO80)lO-^ (1) 

where is the intensity at P' and 0 is the angle between the normal to the 
AB mterface at P' and PP ', /^(cos 0 ) is the angular scattenng function of 
stratum A (cf Rayleigh’s formula, see e g Rommerfeld 1928) 

Then approximating for large fields where the field dimensions a, 

= -®-^/a(co8 Q ) (2) 

where D is the apparent optical density of stratum A and is effectively 
defined by eqn (2), so that 

2 njj),(x)dx=l (2a) 

Thus the physical measurement of D requuws collection of all the light 
from a surface element at the AB interface with an infinitely large field 
Hence it is easy to show* that the total energy crossmg umt elementary 
area m the y plane at P m unit time from the whole field is given by 

J, =/„ 10-» c-a 303*Crf^^ (3) 

and 1/0= Lt J^=^q 10~^ (3a) 

*-♦0 

Therefore the energy absorbed per unit area of the stratum mucosum per 
unit time is given by 

- Jz =/o 10-'® {1 - e-» + F{z% 

♦ Integrating over the AB mterface divided mto annuli (fig 1) 
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where F{z) = 2 mj“^ g-( 4 ) 

This expression is exact only for infinitely large fields 

The evaluation of F{z) requires a detailed knowledge of the scattering 
function (z/r) which is not at present available However, it is possible to 
expand (z/r) as a power series 

= (5) 

and evaluate F(z) using Bonnet’s second moan value theorem (Whittaker 
and Watson 1927) Thus 

Fiz) = 2 303eC’z^(A)e-*»''*‘^*^6(2/Z), (6) 


where Z^z and 4 i(z/Z) is an absolutely convergent senes * 

When 2 SOSet’z < I as is the case for the stratum mucosum (see below), 
to a first approximation 

«^u-«-^*=/olO-D2 303eC'2{l-l 16eC2 +A'(A)e-*a‘<^» 9^(2/^)} (7) 

On the basis of the photochemical mechanism of ultra-violet erythemo- 
genesis, the relative erythemal efficiency Wj^ at the wave length A is given 

by 

xlOO, (8) 

where A^^^j is the wave length of the maximum of Jq — Thus to a first 
approximation 


(elO-")^_ {1 - 1 lUeCz-i A'(A)e-»»««'*?i(2/Z)}^^^ 


(9) 


In the case when the function elO“^' varies rapidly with wave length, 
while the expression in the brackets {} vanes only very slowly, A^jx be 
identified with the wave length of the maximum value of elO“^, without 
invalidating the approximation, so that, m the region of A^a,^, eqn (9) can 
be used in the simpfifiedf form 




(glO-^)A 


X 100 


( 10 ) 


t Eqn (10) IS, of course, identical with the result obtained when the stratum 
mucosum is regarded as an elementary lamina 
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Application op the theory 

These results are required to test the validity of the photochemical 
hypothesis and to identify the tissue constituents, which, if assumed to be 
the effective photolytes, are consistent with the observed erythema curve 
Thus it 18 essential in the case of any compound, oonformmg with the 
biological requirements 

(1) to calculate the quantitative features of the erythema curve, within 
the expenmental error, 

(2) to demonstrate that the energy of radiation, which, when incident 
on the stratum mucosiira, produces an erythemal response, can also produce, 
tn mtro, photolysis with formation of decomposition products m a con¬ 
centration of a reasonable order of magnitude, and 

(3) if possible, to show that the active substance, whose properties are 
deduced from the physiological observations, can be identified with photo¬ 
chemical decomposition products formed %n mtro 

The probable chemical nature of the photolyte is suggested by several 
independent lines of evidence The pH m the stratum mucosum must be 
assumed to be approximately 7 2 (Schmidtraann 1925, Pinkus 1927, cf 
Chambers, Pollack and Hiller 1927, Henderson 1928, Bodansky 1934), it 
was observed that the extrapolated long wave length limit of the absorp¬ 
tion spectrum of a typical protein such as ovalbumin (cf fig 2) in buffered 
solution at pH 7 2 corresponded closely with that of the erythema curve 
(at 3150-3180 A) There appear to be no constituents of the skin other 
than the typical 'protetna which are present in significant amounts and for 
which a similar relation holds, e g the extrapolated long wave-length 
absorption limit for thymus nucleic acid is approximately 3075 A (cf 
Caspersson, Hammarsten and Hammarsten 1934) * Further, the long 
wave-length threshold for photochemical decomposition of thymus nucleic 
acid appears to be near 2950 A (Loofborrow and Heyroth 1934) 

The considerations of Krogh (1929) on the properties of the H-colloid 
provide strong expenmental support—if the photochemical mechanism is 
correct—tor the identification of the effective photolyte as a typical protein, 
smee no other known tissue constituents have molecular weights sufficiently 
high for their photochemical decomposition products to mclude the H- 
colloid This argument can be expressed semiquantitatively The experi¬ 
ments of Lewis and Zottermann (1926) indicate that in the skm the 
ff-colloid diffuses a distance of the order of 0 3 cm f m 26 hr (at 37° C) 

♦ The absorption limit for guamne nucleotide is 3070 A (Hobday 1930) 
t Under approxunatoly umdimensional conditions 
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By applying Einstein’s diffusion equation (see e g Fowler 1929), this can 
be shown to correspond to a diffusion coefficient (at 10’ C) ot the order of 
0 03 X 10"® cm ®/seo , which is consistent with that of a protein or a simple 
protem derivative (cf Freundlich 1926, p 647) This elementary calcula¬ 
tion can only give the order of the diffusion coefficient of the H substance 
but 18 sufficient to show that in ultra-violet erythema a physiologically 
active macromoleoule is produced 

Experimental data 

The required values of the molecular extinction coefficient e of a typical 
protem were determined for a very pure siiecimeu of ovalbumin* 111 solution 
in a standard phosphate buffer pH 7 2 The experimental details are being 
described elsewhere (Mitchell 1938, Mitchell and Allsopp 1938) and may 
be summarized here The absorption measurements ■wore made, in con¬ 
junction with Dr C B Allsopp, with a standard Hilger ‘ Spekker” ultra¬ 
violet photometer and medium quartz spectrograph, using a condensed 
tungsten steel spark as hght source, under the conditions in which, as 
described by Twyman and Allsopp (1934), the error in the measured optical 
density does not exceed 0 01 The iron arc hnes were used as wave-length 
standards To avoid errors due to sc attoring, repeated observations v ere 
made with different lengths of absorption tube The wave length of 
extinction for a given equivalent density was reproducible within 6 A and 
at any given wave-length the maximal error in the measured values of the 
molecular extinction coefficient is estimated to be ±15% The values of 
ef obtained and summarized in fig 2, curve C, are based on a value for the 
molecular weight of one Svedberg unit (34,600) as found by Svedberg and 
Nichols (1926), the corresponding concentration accordmgly referring to 
protein dried in air to constant weight at 106° C, the apparent water 
content of the crystalhne ovalbumin was found to be 13 4 % (cf Sorenson 
1917, Adair and Adair 1936) 

The measurement of the apparent optical density D of the scattering and 
absorbing layer of the epidermis (which corresponds anatomically to the 

* Preparetl by Dr G S Adair and kindly given by Professor F K Rideal 

t O valbumm was soloctod as the typical protein on account of its general characters, 
further, a \ory pure specimen was available and solutions free from scatter could bo 
prepared m phosphate buffer pH 7 2 Very few accurate measurements of the 
absorption coefficients of proteins appear to bo available for the wave length region 
2926-3060 A which is of fundamental importance in the calculation of the maximmn 
of the er3dhema curve Ho wev er, at these wave lengths there la exact proportionality, 
withm the limits of oxpenmental error, between the present measurements for 
ovalbumm and those of Campbell Smith (1928) for serum albumm 
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stratum comeura, probably together with the stratum lucidum) is discussed 
m the Appendix The specimens of human stratum corneum used are 
described m the table and the measured values of D are summarized m 
hg 2, curves fJl, 2, 3 The data for specimen I are taken from the work 
of Lucas (1931) and the corresponding values of 1 ) (curve Dl) are possibly 
too low on account of partial clearing of the specimen by the chloroform 
used in its removal Specimen 2 was probably the least altered Specimen 
3 was backed by a 1 mm layer of a solution of ovalbumin containing 
0 Om g of dried protein in 100 e c of phosphate buffer pH 7 2 to represent 
the stratum lucidum, further, it is possible that scattering in the specimen 
may have been increased by thermal damage 

The form of the scattering function of the stratum corneum, fx(ooB 0 ), 

18 not known quantitatively but some of its general properties can be 
deduced The pH of the stratum oomeum is approximately 6 2 (Pinkus 
1927) so that at wave lengths greater than 3100 A the observed values of D 
are due almost entirely to scattering The measurements of Lucas (1931) 
show that m the wave length range 3100-3700 A the function (1-10“®), 
which measures the lateral scattermg m the stratum corneum and is thus 
approximately proportional to A'(A), is proportional to within the 
limits of expenmental error Within the absorption band of the keratin, 
which must be due almost entirely to the constituent tyrosine (Buchtala 
1912), tryptophane (Marston 1928), and cystine (Momer 1901, Wilson and 
I^ewis 1927, cf Bodansky 1934), X(A) probably vanes even more slowly 
with A since the wave-length of the maximum value of D at 2760 A is 
undisplaced (see also Freundlich 1926, p 3H3) However, in the region of 
wave lengths 2650-2450 A, a more rapid increase of A (A) with decreasing 
wave length is agam to be anticipated 

The validity of the equations (9) and (10) requires that 2 303eCz< 1 
Direct measurements do not appear to be available but the value can be 
calculated approximately The existing data suggest that the light 
absorption in the stratum mucosum is probably not greater than that of a 
layer 0 005 cm m thickness (cf Hoepke 1927, (^owdry 1932, Maximow 
1934) of a solution of a typical protein in concentration 6% (cf Kiesel 
1925, Gray 1931) The measurements of the absorption spectrum of 
ovalbumin in buffered solution at pH 7 2 show that for 6 3 % solution 
(calculated as dried protein) in a layer of thickness 0 005 cm , the value 
of 2 303eC2 is 0 139 at 2976 A, and less than 0 415 at wave-lengths greater 
than 2845 A and in the range 2650-2520 A, while reachmg a value of 
approximately 0 68 at the absorption maximum at 2780 A Hence the 
approximation on which eqns (9) and (10) are denved appears amply 
justified for the human epidermis 
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Comparison of theory and experiment 

In fig 2 (curves ^ 1, 2, 3) is shown the variation with wave length of 
Wx calculated from eqn (10) using the measurements of e for ovalbumm 
(curve C) and those of D for the three specimens of stratum comeum 
(curves D 1, 2, 3), the numbers referring throughout to the specimens 
described in the table Comparison with the measurements of the erythema 
curve by Coblent?, Stair and Hogue (1931), which are included in fig 2 
(curve ^exp), and the results of other authors (see Hausser and Vahle 
1927, Coblentz, Stair and Hogue 1931, Ellmger 1934) shows a close agree¬ 
ment between the experimental values and those calculated The most 
rigorous test of the theory is the detennuiation of the wave length of 
maximum erythemal efficiency The results are given m the table and the 
calculated mean value of A^^x 2^175 A, is almost identical with that 
observed (2970 A), however, such close agreement is to be regarded as 
fortuitous, the probable error of the mean value being ± 15 A 

The value of is, of course, extremely sensitive to error in the 

measurement of D The maximal experimental error in e is ±15%, 
while that m is ± 4 % near 2970 A, the error in the measurements of D 
probably varying rapidly with wave length (see Appendix) Hence in the 
region of the maximum of the erythema curve, the error in the calculated 
aJmlute value of el0~® is, under the most unfavourable conditions, -t-28 
or - 22 %, the corresponding maximal error in the individual calculations 
of the wave length from eqn (10) is ± 45 A * The magnitude of this 
error emphasizes the great difficulties m numerical calculation of the 
erythema curve and the hmitations of the comparison of theory and experi¬ 
ment , in particular, at wave lengths greater than 2900 A, the experimental 
error is probably greater than errors introduced by replacing eqn (9) by 
(10) 

The calculated curves agree with the experiments in showing a very low 
value in the region of 2800 A but, at shorter wave-lengths, where the 
measurements of different observers show great discrepancies, the curves 
calculated for the three specimens of stratum comeum also show great 
differences, further, the calculated values here are lower than any of the 
published data for the variation with wave-length of erythemal effective¬ 
ness It IS interestmg that curve A 1 shows a rather close resemblance to 
the expenmental erythema curve as first determmed by Hausser and 
Vahle (1921), and curves A2 and 3 are almost identical with the curves 
showmg the variation with wave-length of the degree of reddenmg observed 

* Atnsx >9 assumed to be 2976 A, thus the dififerenoe between the calculated values 
could be attributed to experimental error m e and D 
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at intervals of 4-10 days after irradiation (Hausser and Vahle 1927, 

fig 6) 
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The order of the error introduced by replacing eqn (9) by (10) can be 
determined from the approximate values of eCz and the general properties 
of K{X) The values of 11";^ calculated by (10) are less than 2 5% (of IT;^) 
too low at 3000 A and probably less than 15 % (of If ^) too high at 2850 A 
In the wave-length region 2660 —2450 A, the term m K(X) is now in¬ 
creasing more rapidly with decreasing wave-length so that eqn (10) gives 
values too low, the difference between the values of If;^ calculated by (9) 
and (10) increasing with decreasmg wave length It is probable that 
neglect of K(X) is responsible, at least m part, for the discrepancy between 
the observed values and those calculated by eqn (10) for wave-lengths 
shorter than 2650 A, however, another experimental factor may also be 
involved, namely the employment of different sizes of skin fields by 
different observers (cf Luckiesh, Holladay and Taylor 1930) 

TaBLK I SrtClMBNS OF STRATUM CORNEUM 

1 hickness 

No Description mm 

1 Removed from chloroform blister, 0 08 

moasuromenta by Lucas ( 1931 ) 

2 Removed by vesicant plaster from 0 048 

flexor surface of forearm 

3 From scald of forearm (see text) 0 09 

Mean 

(Probable error of mean ± 16 A) 

Discussion 

The agreement between the calculated and experimental erythema curves 
is quantitative evidence consistent with the assumption of a photochemical 
mechanism and the identification of the photolyte as a typical protein 

The mmiraal erythema dose (m f n ) at 2970 A has been found by Hausser 
and (lauer (1933) to correspond to the incidence on the surface of the skm 
of approximately 5 6 x 10^® quanta per sq cm , the correctness of this 
order of magnitude has been confirmed by Ooblentz, Stair and Hogue 
(1931) At 2970 A the most reliable value of D* (specimen 2) is 2 62 so that 
the M E D corresponds to mcidence on the surface of the stratum mucosura 
of 1 66 X 10'* quanta per sq cm , and absorption m the stratum mucosum 
of not less than 2 46 x 10*® quanta per sq cm Expenmentsf on the photo- 

* The available measurements suggest that differences m D alone are able to 
account for the individual differences in erythemal response (Coblentz, Stair and 
Hogue 1931 ) 

t To be published elsewhere (Rideal and Mitchell) Cf Mitchell ( 1936 , 1937 ) 


Calculated 
'^max ^ 
2940 

2970 

3014 

2976 
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chemistry of protems in monolayers have shown that the absolute quantum 
efficiency of the total photochemical changes per “aromatic residue” in 
a typical protein (ghadm) spread in monolayers on N/lOO sulphuric acid 
IS approximately 0 6 at the wave-length 2970 A Thus the m E d leads 
to photo-decomposition of 0 33 x 10~^ g /cm * of protein, calculated as 
ovalbumin* {Btochem Handlexikon 1913, Tabulae Btologtcae 1920), and to 
a mean concentration of decomposed protein in the stratum mucosum of 
0 7 X 10-® g /c c It 18 to be noted that this estimate of the concentration 
of photolysed protein is a minimum value, possibly too low by a factor ol 
10 (of Lucas’s values of D, 1931) However, on general grounds without 
detailed assumptions as to nature of the //-substaiu 0, it is suggested that 
this concentration of protein decomposition products is not inconsistent 
with the production of mmimal observable vasodilatation (cf Lewis 1927, 
Krogh 1929, Clark 1932) Hence it apiiears that the direct photochemical 
production of //-substance troni the protems of the stratum mucosum is at 
least reasonable from a quantitative point of view 

The experimental fact that the principal //-substance is macromolecular 
and the suggestion, advanced in this paper, that the primary process in 
ultra violet erythemogenesis is photolysis of typical proteins, may be 
correlated in terms ot some recent work show'ing that the photo-oxidativo 
decomposition of typical proteins with light of wave lengths 2360-3160 A 
leads to the formation of proteoses and similar breakdown products, 
probably quantitatively under suitable conditions (Becker and Szendro 
1931, Spiegel-Adolf 1934, Mitchell 1938) There appears to be conclusive 
evidence that histamine—like pharmacological properties—is shown by 
proteoses free from histamme and similar substances of low molecular 
weight present as impurities (fSee e g Abel and Geilmg 1924, Gelling and 
Kolls 1924, Lewis 1927, Krogh 1929, p 241 ) Further, it is well known that 
certain proteoses can produce vasodilatation on intradermal injection m 
concentration 1 in 100,000 (Oriel and Barber 1930, Oriel 1933) 

The hypothesis that the //-colloid is to be identihed with proteoses 
formed photochemically offers a possible explanation of a number of the 
observed phenomena of the action of ultra-violet radiation, namely 

(1) the local intradermal and subdermal mfiltration of polymorpho¬ 
nuclear leucocytes (Keller 1924, 1928, Goldsmith 1936) and the general 
neutrophilia (Laurens 1928, Lehmann 1937), 

(2) the fall in systolic blood pressure (Hasselbalch and Jacobaeus 1907, 
cf Frohhch and Pick 1913, Sollmann 1936), 

♦ The aromatic residues mclude t3a'o8me, tryptophane and phenylalanine 
1 Svedberg iimt (34,600) of ovalbunun contains 8 residues of tyrosine, 2 of trypto 
phane and probably 11 of phenylalanme 
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(3) the toxic reaction due to overdose and acute light stroke (Roudche 
1926, Eidinow 193s), 

(4) and also though with less certainty the general reaction with which 
IS associated non-specific immunization, 

(5) the therapeutic action of ultra-violet radiation in asthma (Scott 
1926, Bray 1937) 

In the development of the physical theory, it has been assumed that 
the stratum comeum behaves as an inert screen, although it is known (Becke 
1912, 1919, Sauer 1916, Bergen 1925, 1926) that polyi^ieptide like products, 
extractable by hot water, can be formed by photochemical oxidation of 
wool keratin However, the possibility that these decomposition pioducts 
can play any significant part in erythemogenesis appears to bo excluded by 
their negligible rate of diffusion through and from the stratum comeum 
Water is known to diffuse through the stratum comeum very slowly 
(Loewy and Wechselmann 1911, Richardson 1925) but, m general, water- 
soluble compounds, including inorganic ions, cannot diffuse through the 
stratum comeum mto the corium to any appreciable extent, further, it has 
been suggested that the stratum lucidum may act as a barrier to diffusion 
(Frey and Rem 1927, Whitehouse 1937, cf Whitehouse and Ramage 
1933) Accordingly the diffusion of polypeptides—of molecular weight of 
the order of at least 1000—from the stratum comeum to the mmute vessels, 
and lymphatics, must be extremely slow, and thus unlikely to build up a 
stationary concentration of active substances sufficient to produce detect¬ 
able erythema The general validity of this argument is confirmed by the 
experimental fact that in the wave-length region 2750-2800 A, whore at 
least 09 8 % of the incident light is absorbed in the stratum comeum, 
with maximal photo-decomposition of the keratin, the relative erythemal 
efficiency reaches its minimum value which lies between 0 and 5 % 

The conception that ultra-violet erythemogenesis is due to photochemical 
decomposition of proteins introduces a number of problems of which the 
most important are the relationship of the erythemal reaction to pig¬ 
mentation and carcmogenesis 

The existence of purely photochemical melanogenesis, without the 
intervention of enzymes, is well known (Meirowsky 1909 , Heudorfer 1921 , 
Lignao 1923, 1929) and is consistent with the results of the photochemical 
mvestigations referred to above (cf Mitchell 1936,1938) ,* there is evidence 
that durmg the oxidative photolysis of proteins, the tyrosine residues are 
liberated after transformation to compounds closely related to the known 
precursors of melanin However, there is no doubt that usually dopa 
oxidase plays a fundamental part (Bloch 1917, 1927) The mcrease of 
* See also Mitchell, Ridoal and Sohulman (1937) 
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dopa oxidase after ultra-violet irradiation (Bloch 1927) must be regarded 
as a “biological” response to the photochemical changes, and the involve¬ 
ment of a series of secondary biological changes is consistent with the 
observed quahtative (but not quantitative) parallelism between the 
variation with wave-length ol erythemogenesis and of pigmentation 

The apparent resemblance between the effectiveness of the different 
wave-length regions for the production ot erythema and of neoplasia is of 
very great interest Carcinogenesis by ultra-violet irradiation is usually 
preceded by repeated severe erythemal reactions in normal human skin 
(Dubreuilh 1907, Beck 1933, Paul 1933), m laboratory animals (Putschar 
and Holtz 1931, Roffo 1936) and m the abnormal skin of xerodermia 
pigmentosa (Dalous and Constantin 1904, Haxthausen 1919, McCarthy 
1931), so that the relationship to erythemogenesis may signify that the 
neoplasia is related to chronic inflammatory and/or atrophic changes The 
possibility that carcinogenic agents may be liberated from proteins—and 
also from sterols (cf Kawaguchi 1931, Roffo 1936)—is bemg mvestigated 
expenmentally m conjunction with Dr D L Woodhouso of the CTeneral 
Hospital, Birmingham (see Anmial Report of the British Empire Cancer 
Campaign, 1037 , p 84 ) • 

Finally, I wish to express my sincere thanks to Professor E K Rideal, 
F R S , for hus help and advice 


APPENDIX 

By j S Mitchell anu C B Allsopp 
The measurement of the (optical) density of the human stratum corneum 
For calculation of the erythemal efficiency, the apparent optical density 
D of the stratum corneum must be measured under conditions in accordance 
with the definition given m eqns ( 2 ) and (3 a), the physical meaning of this 
IS that, with an infinitely largo field of normally mcident light of intensity 
/q, the total energy of the forward scattered hghtt crossing unit elementary 
area m unit time is given by^„10-" The experimental fulfilment of the 
conditions is qualified by the restriction that only that part of the light 
fallmg on the slit of the recordmg spectrograph, which is contained in a 
cone whose vertical angle is equal to the angular aperture of the colhmatmg 
lens, will ultimately be measured However, the intensity of the com¬ 
ponents scattered at large angles must be assumed to be small 
* As yot, with nenativo results 

t Including that “transmitted” with loss of intensity by absorption 
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A method of measurement with scattered incident light has been 
descnbed by Lucas ( 1931 ) and the apparent values of D obtained were 
used, in addition to our own, for calculation of the erythema curve (fig 2 , 
curves A I, Dl) This method cannot be regarded as identical with the 
“large field and normal mcidence” method used here, and may give lower 
values of D&t all wave-lengths, however,if as suggested above, the intensity 
of large angle scattering varies only very slowly with wave length m the 
region of the absorption band of keratin, the systematic error introduced 
into the calculation of the wave-length is almost certainly less than 
the experimental error 

In the present measurements, the radiation was normally incident on the 
specimen of stratum conioum over a circular field of diameter 1 c m and 
the scattered light collected to the full aperture of the spectrograph 
(//lO) 

The specimen, pressed between quartz plates of the highest optical 
transparency, was placed immediately in front of the slit of the Hilger 
Medium (Quartz Spectrograph and was illuminated by light from a con 
flensed tungsten-steel spark at approximately siv c^ntimeties distance 
Under these conditions all the light recorded on the plate either had been 
transmitted directly along the axis of the instrument or had been scattered 
into the sUt from neighbouring portions of the specimen, and the only losses 
involved the weak components scattered at largo angles The systematic 
error due to variation of the angular scattering function with wave length 
18 assumed to be small The apparent densities were determined by Henn’s 
method as described by Allsopp ( 1934 ) The Ilford Auto-Filter plates 
used had a “time factor” of 1 1 The experimental error in the measure¬ 
ments of D (see fig 2 , curves D 2 , DS) in the region of the maximum of the 
erythema curve is certainly less than 6 % and probably does not exceed 
2 5 % For wave-lengths shorter than 2900 A the error may rise to the 
order of 10 % because of the very long exposures involved m ineasurmg 
the high densities in this region, so that there may be a more serious error 
m the calculated values near the minimum of the curve at about 2800 A, 
this IS clearly of negligible importance in determining the position of the 
maximum (see Table 1) We hope to investigate the value of the scattenng 
function and its relation to D later 

StTMMARY 

The measurements of the erythema curve and the relevant known facts 
of the reaction of the human skin to ultra-violet light are reviewed The 
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possibility of a photochemical mechanism is discussed and developecl 
theoretically 

Quantitative evidence is presented to show that the erythemal response 
18 due to photochemical decomposition of typical protems in the stratum 
mucosum by the light transmitted through the stratum corneum, this latter 
behaves as an inert scattering and absorbing screen The photochemical 
changes are limited to the stratum mucosum by the distribution of pig¬ 
ment The latent penod is, at least in part, the time required for the 
diffusion of active photo-decomposition products to the minute vessels 
The form of the erythema curve is calculated, withm the limits of 
experimental error, from absorption measurements of a typical protem and 
of the human stratum corneum The calculated moan value of the wave¬ 
length ot maximum erythemal efficiency is 2976 (+ 16) A, in close agree¬ 
ment with that observed The known mimmal erythema dose is consistent 
with the formation of photo-docomposition products in intro in concentra¬ 
tion of a reasonable order of magnitude 

It 18 suggested that the //-colloid may be a proteose formed by oxidative 
photolysis of proteins 

The relationship of erytheinogenesis to pigmentation and carcinogenesis 
by ultra-violet radiation is bnefly discussed 
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Address of the President 
Sir William Bragg, 0 M , at the 
Anniversary Meeting, 30 November 1938 

According to our honoured custom I preface this annual address by 
references to those of our Fellows whom death has taken from us dunng the 
past year 

Aethue Hutchinson (1866-1937), Emeritus Professor of Mineralogy m 
the University of Cambndge and lately Master of Pembroke College, was 
elected a Fellow of the Royal Society in 1922 He had served on the Council 
from 1932 to 1934 and was a Vice-President for the year 1933-4 

While still young Hutchinson made a name for lurasell by brilliant 
researches on the chemistry and crystallography of stokesite and other 
minerals He devised a stereographic projector and a shde rule which are 
much used by students of crystallography and he was skilful m the con¬ 
struction of crystal models and lecture-room apparatus As a teacher in the 
University of Cambndge he was highly successful though it was not until 
1926 that he became Professor of Mineralogy, his work had long been of 
professonal standmg When the use of X-ray methods from 1914 onwards 
opened up a new crystal science, he at once attac hed himself to its ways and 
aided its development He designed his instruments afresh He devoted 
his energies towards the organization of his Department to meet the 
altered needs m teaching and research He was a devoted servant to 
Science, an excellent investigator, an able teacher and one of the kmdest 
and most loyal of friends 

Gboege Heney Falkineb Nuttall was born m San Francisco m 1862 
He was educated m England, France, Germany and Switzerland, and to 
this oosmopohtan upbnnguig he owed his abihty to speak several languages 
He returned to Amenca m 1878 and obtained the degree of M D at the 
Umversity of Cahforma m 1884 Nuttall’s scientific work covered a very 
wide field, m addition to several books, he published numerous papers on 
bacteriology, serology, hygiene, tropical medicine and parasitology His 
outstandmg achievement was the discovery that the blood and other body 
flmds of animals possess bactencidal power, a discovery which laid the 
foundations of all work on serum antitoxins In 1904 he published his 
classical monograph Blood immunity and blood relationship, this mvesti- 
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gation has clearly demonstrated the existence of a distmct similanty 
in chemical structure of the blood in animals which are related phylo- 
gonetically 

Nuttall was elected the first Quick Professor of Biology in Cambndge 
and he held this Chair until 1931 He was elected a Fellow of the Royal 
Society in 1904, he was Sc D of Cambndge and had received honorary 
degrees from five other universities 

In 1901 Nuttall lounded the Journal of Hygiene and in 1908 Parasitology, 
both of which he edited with great distinction He died suddenly in London 
on 16 December 1937 

Loots Napoleon Gboroe Filon died on 29 December 1937 at the age 
of 62 Apart from three years at King’s College, Cambridge, as one of the 
early “advanced students ”, his whole academic life was spent at Umversity 
College, London His contnbutions to applied mathematics were in the 
classif al field and particularly in the theory of elasticity His patience and 
thoroughness and his skill in algebraic manipulation qualified him well for 
work m this held, and his physical insight led him to choose problems of 
importance and sigmficance His most notable contribution^ were the 
pnnciple of “generalized plane stress” which he enunciated early m his 
career, and the subsequent application of this principle m the development 
of photo-el8isticity as a practical means of expressing stress distribution 
His researches are contamed m nearly sixty books and papers published 
throughout the course of a very busy life, for he was also an able and en¬ 
thusiastic teacher and took a very active part m the administration of his 
Umversity ^ 

He was elected a Fellow in 1910 and served as Vice-President of the 
Society for 1936 and 1937 

Alfred Barton Rendle, who died m January of illness contracted on 
his way to attend the Jubilee Session of the Indian Science Congress, was a 
botanist esteemed abroad and at home for his knowledge, judgment and 
helpfulness to others 

When Rendle entered St John’s College, Cambridge, in 1883, an interest 
in plants, encouraged at school, led him to study botany He graduated m 
1887 and was appomted in 1888 an Assistant in the Botanical Department 
of the British Museum In a very short time the quality of his work had 
brought him a request from Berlm to write a monograph on a family of 
plants for the Pflanzenreich, and similar appeals on behalf of the Index 
Florae Sinensis and the Flora of Tropical Africa in this country Permitted 
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by the Trustees of the Museum to comply with these requests, Rendle 
showed his readmess to help others and mcidentally added to the prestige 
of the department, to the Keepership of which he was promoted m 1906 
His judgment was subjected to a more searchmg test, and earned corre¬ 
spondingly enhanced appreciation, dunng his service from 1906 till 1936 
as an active member of the Editorial Committee of the International 
Laws of Botanical Nomenclature The Royal Society, to which Rendle 
was elected in 1909, has reason to know that systematic botany was not 
the only subject to benefit from his exact knowledge and impartial judg¬ 
ment for, from 1913 tiU he died, his seivice on its various committees 
was almost continuous and he was a member of the Council durmg 
1929-31 

Sir Jambs Ckichton-Brownb, who died on 31 January 1938 at the age 
of 97, was the oldest Fellow of the Royal Society For many years he 
occupied a unique position m the profession of medicine He followed the 
speciahty of his father, who was a distmguished psychiatrist, and devoted 
the greater part of his hfe to the study and the welfare of the insane At a 
relatively early age he was appointed to the charge of the West Bidmg 
Asylum at Wakefield and at once instituted a study of the bram and its dis¬ 
orders The pathological laboratory which he established there was the first 
of its kmd 111 England, and under his guidance Wakefield became one of the 
most important centres of neurology in this country The Reports which he 
published “to give stimulus to the arrangement and elaboration of material 
hitherto buned in case books” contained impoitant papers by Ferriei, 
Hughlmgs Jackson, Clifford Allbutt and others, who at that time had no 
more suitable medium of publication Later he took a major part m the 
foundation of Brain After he had been appointed, at the age of 35, Lord 
Chancellor’s Visitor m Lunacy, his work was mainly adramistrative, but 
various reports, as that on the influence of early education on mental 
health, showed that he retained his earlier interests He took great interest 
m the work of the Royal Institution of which ho was Treasurer for thirty- 
seven years He was elected to the Fellowship of the Society in 1883 

George Ellery Hale (1808-1938) Hale’s memory is to be cherished as 
that of a most noteworthy leader m the recent advances of our knowledge 
of the phenomena presented by the surface of the sun By his invention of 
the spectroheliograph in the early years of his youthful studies, he opened up 
a new method of recording photographically the contnbution made by any 
selected monochromatic solar radiation (and hence of any chosen chemical 
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element) to the pictures of the features of the sun’s surface as scrutinized 
in ordmary telescopic vision 

In 1896, he undertook the imtiation and direction of the Yerkes Obser¬ 
vatory of the Umversity of Chicago, and earned the work forward for ten 
years with marked success Before he had reached the age of 27 he had 
gamed recognition as a leader, without a trace of self-assertion Failure of 
health and the desire for better physical conditions of astronomical obser¬ 
vations led him to Cahfomia, instigated by the prospect of the foundation, 
by the Carnegie Institute of Washington, of a mountain observatory for 
intensive study of the sun On the summit of Mount Wilson he established 
a solar observatory with no\el equipment of powerful instruments With 
these he discovered defamte indications of vortical motions in and about 
sunspots, and was led thereby to look for signs of the Zeeman efiFect in the 
broadened hnes of the sunspot spectra The success of his design of the 
60 ft tower telescope with a 30 ft spectrograph sunk in a vertical shaft 
lieneath the tower, led him to design the 160 ft tower telescojie with a 
spectrograph of 75 ft m a shaft 80 ft deep With this equipment specially 
designed for the purpose he proceeded to detect and measure the intensity of 
the general magnetic held of the sun, analogous to the earth’s magnetic field 

The remarkable success attamed by the use of the 100 in reflector 
presented by J D Hooker, m studies of the remoter nebulae encouraged 
Hale to take a promment part in the colossal enterprise of the 200 in 
reflector, which is now under construction It is to our deep regret that it 
has not been given to Hale to see its completion Halo became one of the 
Foreign Members of this Society m 1909, and was awarded our Copley 
Medal m 1932 

Edward Meyrick, who died on 30 March 1938, was a very remarkable 
man and exerted an influence both as a classical master at Marlborough 
College and as a naturalist—especially as an entomologist—far wider than 
he himself probably realized Dunng his active hfe of over 83 years, he 
became recognized as the world’s authonty on the microlepidoptera He 
continued working until withm a few days of his death and retamed to the 
end his firmness and accuracy of hand and eye 

It was no small satisfaction to him to see some of the boys, whose 
scientific interests he had fostered at Marlborough, become emment 
scientists of later days 

He was educated at Marlborough and at Tnmty College, Cambndge, 
where he was a Classical Scholar After nearly 10 years teaching work in 
Australia and New Zealand, where he also studied the microlepidoptera m 
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his spare tune, he returned to Marlborough as a classical master m 1887, 
and was the inspiring President of the Natural History Society for 26 years 
An mdefatigable collector and an accurate observer from his schooldays, 
he found the raicrolepidoptera an almost unexplored field for study, and 
dunng 60 years of mtensive work descnbed some 20,000 species, besides 
hundreds of new genera and several new families His magnificent collec¬ 
tion of over 100,000 specimens, minutely labelled, together with his own 
excellent water-colour drawings, and a complete index m his small, clear 
handwriting has been presented, under his will, to the Natural History 
Museum 

Meynck revolutiomzed the classification of the lepidoptera, basing his 
rearrangement on structural characters, and enunciated three principles, 
now known as “Meynek’s Laws”, by which he was convinced the systema- 
tist must be guided 
He became a Fellow in 1904 

James Ernest Marsh, who died on 13 April 1938, aged 77 years, was 
associated all his life with Oxford From 1886 onward he was an active 
worker m orgamc chemistry, notably in the field of camphor and the related 
terpenes Early to grasp the prmciples of space isomensm, he found a virgin 
field in these complex rmg structures, and, m the case of the camphoric 
acids, was the first to obtain optically active, d^extro- and ioew-vaneties for 
both the eta and trana forms of geometric isomers 
In association with his students, notably with J A Gardner, he made 
a very ongmal and still mteresting, though unsuccessful, attack on the 
problem of the constitution of camphor and tur£)entme 
Stone preservation was the subject of a highly ongmal little memoir by 
Marsh m 1926 Regarding the decay as duo most frequently to bactenal 
life m the stone, his remedy was based on sterilization by weak alkahes 
An occasional good wash with soap and water he regarded as beneficial for 
the outsides of buildmgs as of men 

In his Origins and growth of chemical science (1929) he stressed the claims 
of the British workers, Black and Boyle, on salt formation and the fixation 
of gases, as the real founders of a science of chemistry 
Marsh was a keen yachtsman and good company both in work and 
leisure His ongmal and mdependent outlook will be remembered affec¬ 
tionately by the many who came under his mfluenco at Oxford 

The Cavendish family has always been conspicuous for the importance of 
its oontnbution and great devotion to public affairs Victor Christian 
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WiujamCavekdish (1868-1938), ninth Duke of Devonshire, was actuated 
fully by this family spirit 

Part of his early manhood, after Eton and Tnnity, was spent m London 
offices and chambers m pursuit of that particular type of knowledge which 
he knew would fit him more fully for the work of admimstermg the vast 
estates which it was his destmy to possess 

His political life began when, as Mr Victor Cavendish, he was returned in 
1891 as member for West Derbyshire m succession to his father—a seat 
which he held until he succeeded to the Dukedom of Devonshire in 
1908 

The Duke’s interest in the north of England found one of its outlets m 
his Chancellorship of the University of Leeds There he continued a family 
association with the ongmal Yorkshire College of Science, founded in 1874 
The first President of the college was his uncle. Lord Frederick Cavendish, in 
whose honour one of the original chairs of the university bears the name 
of Cavendish He had been High Steward of Cambridge Umversity from 
1923 

One of the Duke’s empire services was his very successful Governor- 
Generalship of Canada from 1916 to 1921 

After Canada post-war England claimed his unremitting attention A 
year m Mr Bonar Thaw’s government as Colonial Secretary and a close 
connexion with the production of the Empire Exhibition at Wembley 
must have taken up a very great deal of his time, and it is charactenstic of 
his methods that he quietly took on his shoulders a very large part of the 
financial strain of the Wembley Exhibition as pnntipal financial guarantor 
without the pubhc of the time being aware of it 

It was m 1925 that the stram of pubhc life took such toll of his energy 
that a sudden collapse compelled him to limit his pubhc work very stnctly 
He was elected to the Fellowship of the Society in 1914 

Arthur Edwin Boycott, who died at the comparatively early age of 61, 
was an eminent pathologist and also a distmguished naturalist He re¬ 
ceived hiB early scientific education at Oxford and completed his medical 
studies at St Thomas’s Hospital Subsequently he held pathological posts 
at the Lister Institute and at Guy’s Hospital He was Professor of Patho¬ 
logy at the University of Manchester 1912-14, and at University College 
Hospital, London, from 1914 until 1935, when he resigned owing to ill 
health 

He was a partner with Haldane m researches mto the causation of 
mmers’ anaemia, of caisson disease, and of the accidents attendant on deep 
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diving and into the pathology of mountain sickness The practical applica¬ 
tions of these researches have been of great advantage to industry, increased 
matenally the depth at which divers can operate with safety and have led 
to a better understandmg of acclimatization to high altitudes 

Boycott’s best known researches in pathology are those upon the volume 
of the blood and regeneration of blood corpuscles in anaemias produced by 
vanous causes 

Boycott was an ardent and single-mmded mvestigator, whose influence 
upon his contemporaries was good and great He was an artist in fine 
expression and gave a number of stimulatmg addresses As editor of the 
Journal of Pathology he rendered valuable service to British pathology 

His work in the domain of natural history was equally esteemed by 
zoologists He was a recogmzed authonty on the ecology of the Bntish 
land and fresh-water molluscs, and his genetical researches mto the in- 
hentance of smistrality in the pond snail Ltinnaea peregra published m the 
Transactions of our Society in 1928 is regarded as one of the classics of 
genetical researc h 

Boycott was elected a Fellow in 1914 and served on the Council 1929-31 

Joseph William Mellor, born at Huddersfield in 1869, spent most of 
his early days m New Zealand After graduation at the University of 
Otago, he was awarded an 1861 Exhibition Scholarship, which took him 
to the Umversity of Manchester in 1899 Under Dixon he completed a 
number of researches, perhaps the most important being concerned with 
the combination of hydrogen and chlorine His long association with the 
ceramic industries began with his appointment as lecturer in pottery 
manufacture at Stoke-on-Trent He was the first Principal of the North 
Staffordshire Technical College, built m 1914 

Mellor played a conspicuous part in the progress of clay technology m 
Great Bntain He raised the status of the Ceramic Society from that of a 
local association to that of an mternational institution He was quick to 
realise the importance of refractory materials to the well-being of an 
industrial nation In 1909 he was closely associated with the formation of 
the Refractories Committee of the Institution of Gas Engineers which has 
been responsible m Great Bntam for pioneer work mto the projierties of 
refractory materials 

In 1937 he completed a monumental work, A Comprehensive Treatise on 
Theoretical and Inorganic Chemistry, m sixteen volumes The achieve¬ 
ment IS almost beyond comprehension He wrote every word and every 
reference 
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Mellor was a man of great courage, ability and pertinacity He was greatly 
liked perhaps, to those who knew him, his greatest attnbute was his 
loyalty to his work and to his fhends He became a Fellow of the Society m 
1927 He died on 24 May of this year 

The official notification of the election of John Jacob Abel to the Foreign 
Membership of the Royal Society was delivered at his house in Baltimore 
on the day of his death, on 26 May, a week after he had attamed the age of 
81 years He was bom near Cleveland, Ohio, into a family which came 
originally from the German Rhmeland He graduated at the University of 
Michigan and subsequently continued his studies in a number of the leading 
medical centres of the continent of Europe He returned to the United 
States to hold, in succession, the Chairs of Pharmacology at Ann Arbor 
and Baltimore, the latter for 39 years Of the researches in which he was 
engaged throughout his long career, those on the chemistry of the hormones, 
from epinephnne to insulin, will probably leave the most permanent mark 
in the history of science He played a leading part m establishing both 
biochemistry and pharmacology as separate subjects of teaching and 
research in the Umted States of America, and had a powerful influence in 
promotmg the development there of all branches of medical knowledge by 
expenmental research He was busily engaged m now researches, under¬ 
taken in his retirement, right up to the onset of his last bnef illness 

WHiLUM Arthur Bone (1871-1938), a man of great energy and forceful 
character, made many important contributions to the chemistry of com¬ 
bustion, the constitution of coal and the analysis of reactions m the blast 
furnace His work was charactenzed by great thoroughness, pertinacity, and 
expenmental care, and was rewarded by the discovery of many mteresting 
new features m the behaviour of gaseous mixtures on combustion His 
early work on the slow combustion of hydrocarbons (1902-6) led him to hold 
tenaciously the theory that their oxidation occurred through successive 
stages of hydroxylation, to which view his expenments on the high tem¬ 
perature combustion of the simpler hydrocarbons lent further support As 
Livesey Professor at Leeds University, he developed the techmeal applica¬ 
tions of surface combustion in collaboration with the late C D McCourt 
and was awarded the Howard Potts Gold Medal of the Franklm Institute 
m recognition of the advance m technology so made 

As Professor of Chemical Technology at the Imperial College of Science, 
he built up a school of research, and with the assistance of his collaborators 
studied combustion at high pressures, reaching an explosion pressure as high 
as 10,000 atm He discovered phenomena relatmg to the effect of mtrogen 
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in carbon monoxide explosions and proved that carbon monoxide could 
bum even when completely dry He studied the mitiation of detonation, 
the hehcal propagation of the head of detonation, and the effect of electrical 
fields on the propagation of flame He started a senes of researches on the 
constitution of coal m which field he became the foremost mvestigator 
He proved the benzenoid character of the coal substance He returned m 
later years to his studies on the slow combustion of hydrocarbons, publishmg 
a senes of valuable papers He was elected to the Society m 1905, gave the 
Bakenan Lecture in 1932, and m 1936 received the Davy Medal 

William Wallace Campbell’s outstanding contribution to astronomy 
IB hi8 determination of the radial velocities of the stars In 1896, when the 
radial velocities of only a few of the brightest stars were known, he designed 
a suitable spectrograph for the great telescope of the Lick Observatory, 
with which results of surprising accuracy were obtamoil Ho embarked on 
the ambitious programme of determmmg the radial velocities of 2770 stars 
of visual magmtude greater than S'" 60, and carried this through It m- 
volved an additional observatory m Chile under Dr Wright’s direction 
with a similar siioctrograph on a 36-in reflector 

The observations disclosed a large number of s^iectroscopic binaries The 
peculiarities of the orbits of these stars threw light on the evolution of 
double stars In addition they showed that the stars of earliest spectral 
type had large masses 

The radial velocities were naturally discussed to give the motion of the 
sun among the stars The direction agreed substantially with that found 
from proper motions, but the velocity of 19 km per sec was determmed 
with much greater precision Incidentally Campbell made the discovery 
that the early type or hottest stars had an apparent recessional velocity of 
4 km per sec 

Campbell made six expeditions to observe solar echpses and devised a 
beautiful method of showing the reversal of the Fraunhofer lines In 1922 
with Trumpler he confirmed the verification of Einstein’s prediction made 
by the British observers in 1919 

He was elected a Fellow in 1918, he died in 1938 at the age of 56 

Alfred Edwin Howard Tdtton, who died on 14 July 1938, wa^ elected a 
Fellow of the Society m 1899 at the age of 34 His scientific life was mamly 
devoted to a smgle research begun when he was a young lecturer in chemistry 
under Sir Edward Thorpe, and contmued for 40 years For 26 years his 
scientific work was earned on concurrently with the duties of H M Inspector 
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of Technical Schools m London, Oxford and Devonshire successively In each 
of these centres he estabhshed a private laboratory m which he determined 
the changes in form and physical properties which are produced in the 
crystals of an allied senes of compounds by the replacement of one metal 
by another For this purpose he investigated a vast number of crystals of 
sulphates and selenates and their double salts It was a sinking example 
of persistence, patience and sueoessful achievement 
After his retirement from the inspectorship in 1924 he returned to 
another task begun many years previously and involvmg the greatest 
patience and accuracy, namely, the evaluation of the length of the impenal 
standard m terms of wave-lengths of hght 
Crystallography was the passion of his hfe He published a valuable and 
comprehensive treatise on the subject He also pubhshed some lighter and 
more jKjpular work on ice and snow, to the study of which he devoted much 
time during holidays spent in the Swiss Alps 
All Tutton’s work was charaiten/ed by great experimental skill and fine 
fimsh 

In the death of Ern est W illi am Brown (1866-1938) we have lost one who 
embodied the spirit of the older mathematical astronomy, that concerned 
with the motions of the planets His name will stand os the culmination of 
a hst, begmning with Newton and Laplace, of those who have attempted 
to explain the detailed motion of the moon It is a problem that he mastered 
completely, though his work mvolved an almost unbehevable degree of 
elaboration includmg the evaluation of some ten thousand separate terms 
and the rejection of a still greater number His Lunar Tables are now 
universally accepted as complete for the time bemg, and the fact that 
there are still minute discrepancies is left to provide future workers with in¬ 
teresting fields for speculation In his later years he attacked with much 
success problems connected with the very peculiar motions of some of the 
nimor planets Brown was by birth a Yorkshireman He learnt his subject 
at Cambndge, but soon afterwards removed to Amenca It was at Haver- 
ford that he began his great work on the moon and it was concluded when 
he later removed to Yale, where the remamder of his hfe was spent He 
had the very rare distmction of bemg a full member both of our Society and 
of the National Academy of Sciences 
Basil Mott, born on 16 September 1869, died on 7 September of this 
year When a young man Mott was an assistant to Greathead durmg the 
construction of the City and Southwark Subway, which formed the first 
part of the City and South London Railway This work mvolved the 
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pioneering uge of the Greathead shield So much were his skill and energy 
rehed on that he became Greathead’s partner, and he operated the railway 
for the first eighteen months after it was opened m December 1890 He 
afterwards jomed Sir Benjamm Baker m the construction of the Central 
London Railway, which was opened in 1900 These works and others which 
followed were the means of establishing the practice of deep tube tunnelling 
as an engineering method, and the process was thereafter applied in many 
other cities throughout the world 

Mott was responsible, at first m partnership with Sir Benjamin Baker, 
and later m sole charge, for the widening of the Blackfnars Bridge com¬ 
pleted in 1909 In later years with his partners in the firm of Mott Hay and 
Anderson he was responsible for a number of important bridges Possibly 
the greatest of the works with which he was associated, and one which fully 
absorbed his time and his energies m his later life, was the Mersey Tunnel, 
the largest under-water tunnel m the world, completed m 1934 In 1926 he 
was chairman of a committee of engmeers and architects which took the 
necessary steps for the preservation and safety of St Paul’s Cathedral 

He was elected to the Royal Society m 1927 

The Society records with regret the death of H R H Prince Arthur of 
Connaught, K G , which took place on 12 September 1938 Prince Arthur 
was elected a Fellow on 26 March 1914 under the Statute providmg for the 
election of Princes of the Blood Royal he attended a meetmg of the 
Society and signed the Charter Book on 25 June of the same year 

Robert Ludwig Mono (1867-1938) was the second son of Dr Ludwig 
Mond, F R S Like his father he was devoted to scientific research and parti¬ 
cularly to the advancement of industrial chemistry When young ho assisted 
in the mvestigations leading to improvements in theproductionof zmeby the 
electrolysis of zinc chloride and to the discovery of nickel carbonyl This 
and later work on other carbonyls were notable achievements Yet his 
greatest contnbutions to the advancement of science were due to the en¬ 
thusiasm, good judgment and generosity with which he promoted other 
work than his own Under his father’s early direction he designed and 
eqmpped the Davy Faraday Laboratory of the Royal Institution, and 
afterwards gave hberally to its support He took a great interest m the 
foundation of the Maison de la Chimie m Pans, contributed largely to its 
funds, and served as a member of its Council He made generous gifts to the 
Norman Lockyer Observatory at Sidmouth He earned on research mto 
vanous problems of physics, chemistry and agriculture m his laboratory at 
Combe Bank 
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Robert Mond did much for the archaeology of Egypt and Palestine His 
discoveries durmg 30 years’ digging in Egypt now enrich many museums , 
the treasures to be found m his own collection at his house in Cavendish 
Square make it one of the finest in private ownership 
The value of his scientific and archaeological work was acknowledged by 
the distinctions which he received from learned bodies m many different 
parts of the world He was elected to our Fellowship a few months ago 


The past year has included many events which might well be mentioned 
in this annual address One of them has, however, elbowed out most of 
the rest The two numbers of Note.^ and Records which have begun a new 
enterprise contain interesting and informative accounts of our doings since 
last November T believe that Fellows have appreciated this social and 
intimate addition to the publications of the Society, and that they will 
]om with me in an expression ot our gratitude to the officers who have 
produced it, and es[)ecially to the one who has on this, as on so many 
occasions, taken the lion’s share of the work The doings of the Society are 
noted and recorded in this penodical more effectively than I could do m a 
Presidential address 

I must now speak of an event which is surely uppermost in the minds of 
all wlio have received the noramations of Council for next year We are to 
lose the services of Sir Frank Smith You may be surprised at his decision 
not to seek renomination when we would gladly have kept him for one more 
year It happens, however, that two more of our officers must step down at 
the end of next year, and Sir Frank has pomted out that if three were to 
leave at one time the business of the Society might be seriously affected 
We cannot, therefore, ask him to stay We must take advantage of the 
opportumty thus given us to tell him how grateful we are for the work he 
has done for the Society His secretaryship has been distmguished by a 
rare exhibition of lapable service The place which the Society fills in 
public life, and its harmonious co-operation with other institutions are 
largely due to his wisdom and tact and his power to umte workers m a 
common effort Indeed, it is impossible to think of what he has done for 
us, without reflecting at the same time that he has exercised his talents m 
a wider field, and that in the words that may seem simple but are full of 
meaning, he has been and is still I am glad to say a great public servant 

I should like to add a reference to one very interesting matter As the 
result of a discussion between Dr Kruss, head of the Prussian State Library 
in Berlin, and myself, when we attended the International Documentation 
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Conference at Oxford m September last—a discussion imtiated by 
Dr Kruss—have lately received a letter from Dr Bosch, President of the 
Kaiser Wilhelm Gesellsohaft, mviting the co-operation of the Royal Society 
in some scientific enterprise which would advance science and, at the same 
time, promote understanding and good will Dr Bosch asks that a few 
representatives from this side should be the guests of the Kaiser Wdhelm 
Gesellsohaft for a week during this wmter and hopes that we would play the 
part of hosts m return Dunng these mterchanged visits, lectures would be 
given and consultations would be held, and it is reasonable to hope that 
some plan of a joint work would emerge 1 feel sure that this gesture of 
friendliness will receive a warm welcome from the Follows of the Society 

I will now say a few words on a subject which seems to me to exhibit a 
greater importance the more closely it is examined 

In recent years the very great increase in the output of the results of 
research has placed our scientific societies in a difficult position There is 
correspondingly more to be published, and, at the same time, pubhcation 
costs have increased Consequently, the societies’ fanances are overstrained, 
and publication of worthy matenal is restricted I’he Royal Society receives 
a Government Grant for pubhcation purposes, far the greatest part of 
which IS passed on to other Societies The grant is sufficient to meet only 
a portion of the applications for assistance that are made 

There is another reason why the increase in output presses hardly on our 
societies In order that a proper standard of merit shall be maintained, it is 
customary to submit each paper, when it is sent in to one or more referees 
Now the number of possible referees is limited, and is even becommg rela¬ 
tively smaller as specialization increases I may take this opportimity of 
expressing the gratitude of the Society to those Fellows who spend so much 
care on the examination of the papers submitted to them The Officers 
realize regretfully that they ask them for a considerable fraction of their 
time and energy 

Our shelves display the effects of mcrease As we look at the long rows of 
bound penodicals in our studies, we realize not only that many years have 
shpped past smee we began to collect them, but also that their very appear¬ 
ance 18 an item of history A long time ago they were comparatively small 
and thin But they grew they shrank dunng the bad years of the war, but 
soon resumed their increase, and of late they have swollen till they have 
become unmanageable and must needs be divided Still the papers come 
pounng in, and the rate of flow even mcreases It is all to the good, and a 
healthy growth which we do not want to check, but there are practical 
difficulties which invite an attempt to solve them 
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It seems to me that when we try to consider this matter fimm pomta of 
view all round it, we are driven to seek for a precise answer to the questions, 
“Why do we publish? Why do we submit papers and why does the Society 
prmt them, if they are good enough? ” 

When a man submits a paper to the Society he is, m the first place and 
qmte nghtly, anxious for the satisfaction of showing what he has done to 
those who will understand it Another reason which has certamly grown in 
strength of recent years is that he wants to establish his reputation and 
position Doubtless, he has also the wish that his work may be of service, 
though this desue may be relatively less obvious even to himself To the 
Society the opportunity for service is the principal reason, for it cannot be 
held that the Society exists in these days, only or even mainly, for the 
pleasure and profit of its Fellows 

The existence of our Society depends on our belief that knowledge is to 
be obtained by expenmont In that belief our founders of nearly three 
hundred years ago organized the rules and procedure on which we have 
acted ever smce Their foresight has been amply justified, but they could 
not have imagined how far experunent would carry their successors and 
others who have held the same behef We have been led to the discovery of 
a natural world of vast extent, and without limits that we can see Every 
part of it IS of interest and every item of knowledge that we find there has 
a beanng on what we think and do As we see and know, the results of the 
exploration have already been immense, modern life has been profoundly 
affected thereby The natural knowledge which the Royal Society set out 
to improve has become one of the greatest mfluenoes of these times The 
Society and other bodies and individuals that have followed m its footsteps 
have, therefore, become possessed of certain most important opportumties 
which are mdeed duties One of these is still, as it has always been, the 
encouragement of research, wisely conceived and well directed A second 
IS the preparation and presentment of the results of research, so that they 
can be sufficiently appreciated, and can be incorporated with understanding 
into every activity, intellectual or physical, to which they apply We are 
not, as discoverers, responsible for the uses that are made of our discovenes 
We ought not to claim, m my opmion, to be given the direction of affairs m 
which our discoveries play a great part simply on account of that fact 
But we are, at least, bound to see that our acquired knowledge is nghtly 
stated so that it can be nghtly hsed We may also, as scientists, feel that 
we ought to help m puttmg knowledge to good use This duty is actually 
discharged by numbers of men in these times 

It 18 cunous to thmk that the feelmg of responsibility is of recent growth 
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There was even a tune when a discovery could be considered a pnvate 
possession, to be withheld fix)m general knowledge if thought fit Newton, 
Hooke, Cavendish and many others were often in no hurry to give to the 
world what they had found, they were influenced by mdifiference, by fear 
sometimes, even by impish playfulness, as when truths were hidden m 
anagrams They did not then look upon natural knowledge as an inhentance 
belongmg to mankmd, which, when discovered, ought to be shared 
Rumford, at the end of the eighteenth century, was one of the first to 
accept and proclaim his responsibility, and act upon it, when he tried to 
apply the laws of heat to the economy of fuel His first attempt m London 
was made at the Foundhng Hospital The Rojal Institution, in its first 
form, was his attempt to give concrete expression to his idea The founders 
of the British Association wore urged in their work by a similar motive and 
were to some extent under the belief that they were repairing a defect of 
the Royal Society The vigorous action of the Association in these days is a 
most commendable extension of its original purpose The Royal Society 
undertakes a special part of the general responsibility It is concerned with 
affordmg opportumties for the publication and discussion of original dis¬ 
covery, it also encourages discovery by the administration of funds en¬ 
trusted to it for that purpose And, of course, it represents oflicially the 
scientific activities of the nation, actuig as an adviser on such matters in 
public affairs In this field it has full opportunity for the exercise of all its 
powers This limitation of service does not free the Society from the need to 
attend always to the one great purpose, more fully realized of recent years, 
that of openmg to mankind the new fields ot natural knowledge The new 
fields are not merely to be penetrated, they are also to lie made public 
There is, of course, a well-known saying that praises knowledge because it is 
useless This cryptic statement would seem to be an ethical injunction to 
the researcher, it certainly does not mean that the most desirable know¬ 
ledge IS of no use to any one but the discoverer 

Even withm the range of activities to which the Royal Society confines 
itself, in which contact with the general pubhc is not often made, regard 
must be paid to the future exposition of discovery Because the results of 
research have become so volummous and so important, the manner of 
stating them, of arrangmg and storing them has also become important We 
have to bear this in mind when we think of the arrangement on our shelves 
At the present time, the volumes of our Proceedings and Transactions 
have a certam resemblance to a building site on which the contributors of 
materials have shot their goods and it must be said that the shooting is 
often done without regard to convenience of subsequent handhng He who 
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would construct for himself a whole building finds it difficult to make use of 
the matenals provided Anyone who has completed a piece of research 
and hopes that it may be accepted and published by the Royal Society or 
any Society of leammg, is in the first place at pams to descnbe what he has 
done, the methods he has used and the inferences that he draws from his 
results The manner of telling his tale will depend on the purpose he has in 
mmd He may think that he ought to set out his facts m full detail, so that 
any reader who is interested shall at least find all that he wants If he is on 
the threshold of research work, he will often be mfluenced by the desire to 
prove his knowledge and ability, and may be led to make liis tale long and 
oomphcatod It is very likely that he has not before him a mental pic ture of 
the man for whom he is writing, if he has, it is probably that of an expert, 
who IS working in the same narrow logion as himself, who knows all the 
technical terms and is famihar with the hidden difficulties of the subject 
(which, therefore, must be discussed m full), and will pick holes if he can 
It IS true that writing of this kind is of the highest value expert must talk 
to expert 

Nevertheless, such writings make dull and difficult reading for the great 
majority of those who are interested in scientific discovery How few there 
are who can critically study a paper of a certain type is only too well known 
to our secretaries and the chairmen of our Sectional Committees, who must 
find referees to judge its merits, and to referees themselves who accept 
their often labonous task When such papers are read at a meeting of the 
Society, the paucity of the attendance and the lack of good discussion 
are obvious and distressing In fact, it has been found well to take vast 
numbers of such papers as read, and even then the discussion of the few 
that are left is often disappomting 

It IS on this account that greater stress has been laid recently on the 
provision of opportunities for organized discussions, m which some impor¬ 
tant subject of recent development is considered by the workers m that 
subject The discussion ranges over a wider field than that of a single 
worker’s account of his new discovenes It is much more interesting and 
mformmg to the general body, as the very satisfactory attendances have 
shown Clearly there is a desire to understand the mam purpose and the 
pnncipal achievements of each growing subject 

I believe that Fellows, and others, have welcomed the recent plan of 
publishing summaries of papers as an appendix to the Proceedings as soon 
as the papers are received, pubhcation of the papers themselves being 
deferred until approval has been given m the usual way Not merely is an 
earher announcement of discovery made on this plan, but the collection of 
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summaries presents the general trend of research to those who are not 
specialists 

Summaries are the expression of a natural reaction to the difficulties 
caused by the growing specialization of research They represent a oertam 
recogmtion of the prmciple that discovery must be accompanied by exposi¬ 
tion, the principle that has been little regarded in past years, but now 
demands acceptance 

The ideal summary is more than a mere digest or shortened form of the 
paper It differs from the paper itself in that it is addressed to a wider circle 
of readers which may mclude the experts but contains also many others 
who should, in fact, receive the jirinciiial attention For this reason it 
may be more difficult to write than the paper itself, because it must take 
mto account the interests and the understandmgs of those who will rarely 
read the ongmal paper, even if they could do so, but will gladly absorb 
the meaning and the information of the summary, esiiecially if there is a 
connexion with their own work When the summary is written with this 
wider view it becomes literature, though the paper itself may be no more 
than a record 

Another reason for greater attention to the writing of summaries is 
that specialization quickly takes explorers out of sight of each other, and 
out of sight of the mam body It is natural foi them to talk to each other 
only, and to forget everyone else Consequently, it becomes difficult to 
incorporate their work into any general scheme Also it is dangerous for 
researchers to be so far out of reach It is natural for them to lose a sense of 
proportion and to imagine, each one, that his is the mam Ime, or at least a 
very important line of advance Who is to call a halt when this happens, 
unless the work that is going on is so far appreciated that a general opimon 
can be formed as to its advisabihty ^ It would, of course, be impossible to 
put the direction of all research mto the hands of an elected committee or 
a dictator Yet a certain degree of control is required, and this is best 
exercised by general opinion reflected m the mmds of those who direct m 
various ways the expenditure of money on research The only way to 
facilitate the growth of a general opinion which is sound, is to insist that a 
general account shall be given which is intelligible to a sufficient number 

These considerations tempt me to ask whether it is necessary that our 
Tranaad.wm and Proceedings should contain so much as they do at present 
When a new departure m experiment or theory is made, or a new fact is 
discovered, or a new correlation, it is right that a careful and complete 
explanation should be given, and if this is not too long, it is excellent that it 
should appear m the Proceedings If the novelty leads, as it often does, to a 
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steady output of observation, extension, confirmation and illustration, with 
many figures and bulky tables, there must come a time when complete 
pubhcation to the world becomes unnecessary and even tiresome What the 
scientific world wants is a general account of progress made, so that its 
bearmg may be clear A mass of details m continuation is of interest to 
other workers engaged in the same research, but very few others want the 
full account The Proceedings should contain paiiers of ongmal discovery or 
fresh departure, as regards contmuation papers, as they might be called, 
summaries properly written should be enough Continuation papers should, 
of course, be preserved and at least be available on demand, still better, a 
few hundred full-sized photograph copies could be made This could be 
done at a fraction of the cost of prmting, especially if the prmting is diificult, 
full of figures and symbols The Proceedings would then be much reduced m 
size, and would be more handy, interesting and useful 

There is a further consideration of no small practical importance A 
largely attended conference on Documentation was held a few months ago 
at Oxford The subjects with which it dealt were of comparatively modern 
importance, but were clearly of the greatest interest iii a number of places, 
particularly m patent oftices, and m the hbranes of mdustnal research 
associations The summaries of papers m scientific journals came m for 
much adverse comment, comment which seemed to be entirely just The 
point was that summaries were written for the exjiert only, and were often 
barely sufficient at that 

Fmally, if the scientific worker is no longer to be content merely to 
observe and to record, but also to share his knowledge with the world m 
general, he needs certam qualifications and a certam education which are 
much less necessary in the more restncted field He is dealing not only with 
tacts but with men his work enters the humanities This is really a very 
great matter It draws its importance from the tremendous consequences of 
the increase of the knowledge of nature which are now obvious Lord 
Rayleigh has lately shown the absurdity of the charge that scientific men 
are responsible for the evil uses that are sometimes made of their dis¬ 
coveries But this responsibility is theirs, that they shall explam what they 
lind so that their fellow-men know how they stand The scientist cannot be 
expected to see that discovery is rightly used, but no one except himself can 
rightly describe it It is not to be expected that the best use will be made of 
what IS imperfectly understood 

These are problems of tactics They cannot be fully solved while school 
and college still maintain an artificial division between two forms of teach¬ 
ing, naming one of them science and the other “humamties” They have 
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far more m common than is generally recognized There must, of course, be 
specialization, a divergence m the later stages But the men of different 
types of mmd must be kept together more than at present, so that when 
they meet m after-life they can understand each other It happens too 
often now that the admmistrator makes mistakes because he caimot 
understand his techmcian’s advice, and the techmcian is mcapable of 
expressing himself so that his administrator understands him There ought 
not, in fact, to be a sharp distmction between the two It is a fundamental 
point that humanities and science have joined hands in the service of 
mankind 


Awards of Medals, 1938 

Professor Niels Bohr is awarded the Copley Medal He has lieen for 
many years the recogmzed leader of theoretical atomic physics His early 
work in 1913 provided the connectmg link between Planck’s conception of 
quanta and Rutherford’s of the nucleus, and made it possible for the first 
time to constitute a consistent theory of spectroscopy The development of 
this theory owes nearly as much to Bohr as did its inception Among 
other things he invented the principle ol correspondence according to 
which quantum phenomena pass over into the classical as a hmitmg case, 
according to certain definite rules which Bohr laid down This pnnciple was 
of the greatest importance m the early days of the theory 

Besides providing a rational explanation of atomic spectra, Bohr’s 
theory made it possible to give a satisfactory explanation ot the structure 
of atoms, and in particular to explain the changes in properties which 
occur as we go from one element to the next m Mendelejeff’s penodic table 
In domg so it provided an explanation of the shells of electrons whose 
existence had been proposed by J J Thomson In the development of this 
theory Bohr’s mathematical mgenuity and his apjilication of the theory of 
perturbation played a large part 

When the principles of wave mechanics wore mitiated by de Broglie and 
Heisenberg, the latter of whom was a pupil of Bohr’s, Bohr took an impor¬ 
tant part m the development of the new ideas, and in transforming atomic 
theory to fit them The view which is held at the present day of the relation¬ 
ship between waves and particles is very largely due to Bohr 

ig 2 
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In the last few years Bohr has transformed the ideas held as to the 
structure of the nucleus by pomting out the mtimate association of the 
particles which comprise it, and the necessity for treating them as part of a 
closely kmt system more hke a liquid than a gas This fundamental idea 
has already had far-reaching effects, and is the basis of almost all present 
work 

Although his published papers are of supreme imjiortance, it is probable 
that Bohr’s greatest contribution to physics lies in the influence which he 
has exerted over an enormous proportion of the leadmg physicists of the 
world He possesses to an extraordinary extent the abihty to draw ideas 
from minds which would otherwise probably never have produced them, 
and all who have fallen under his influence are conscious of his supreme 
power of mspiration 

Professor Robert Wiujams Wood is awarded the Ritmeord Medal 
The study of jihyeical optics owes much to Professor Wood, who has been 
one of the leadmg experimenters in this field for the past 40 years There is 
hardly a branch of the subject which he has not ennched by the touch of 
Ins genius 

Before the advent of Bohr’s quantum theory, when our knowledge of 
the structure of atoms and molecules was very meagre, he had discovered 
the hne and contmuous absorption of sodium vapour, the phenomenon of 
resonance radiation of gases and vapours, and the quenchmg of this radia¬ 
tion by foreign gases These discoveries ojiened up rich fields of research 
and were of the greatest value to later workers m laymg the foundations of 
the theory of atomic and molecular spectra 

The elucidation of the phenomenon of resonance radiation demanded the 
utmost experimental skill and resource Nothing less powerful than an 
improvized 40 ft focus spectrograph suflftced for his work on the remarkable 
resonance spectra of molecules’ Even now one cannot but admire the 
beautiful and mgenious expenments on the independent excitation of the 
yellow sodium Imes 

In addition to his researches on the resonance radiation of metalhc and 
other vapours, Wood investigated them magnetic rotation and dispersion 
His work on the magneto-optics of sodium vapour both m the atomic and 
molecular state is now classical 

More recent but belonging to the same doraam of exiienment are the very 
interesting discovenes of Wood and EUett on the magneto-optios of 
resonance radiation 

Wood’s mastery of techmque is universally acknowledged He has mtro- 
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duced many ingemous and stnkmg devices to expenmental method These 
are too numerous to catalogue here, but I would mention specially his 
method of the production of atomic hydrogen and his observations on the 
spontaneous mcandescenoe of substances in atomic hydrogen which led to 
the mvention of the atomic hydrogen weldmg torch by Langmuir, his very 
efficient and now widely used method of observmg Raman Spectra, his 
6chelette gratmg which has proved to be the grating par excellence for the 
investigation of the near and far mfra-red, and his pioneer use of light 
filters in ultra-violet and infra-red photography 

A Royal Medal is awarded to Dr Fkanpis William Aston Few cases 
are known to science m which an important development has remained so 
much m one man’s hands as has the study of isotopes, by means of the 
mass spectrograph, in those of Dr Aston Aston’s attention was drawn to 
isotopes by his work as assistant to Sir Joseph Thomson when the latter was 
working on the analysis of positive rays by the parabola method The 
results for neon suggested very clearly that this element contamed atoms of 
weight 20 and 22, but other explanations were conceivable Aston attempted 
to settle this question by separating the two components Fractional dis¬ 
tillation was earned out in an elaborate apparatus of his own devising and 
construction A microbalance was devised to measure the hoped-for change 
of density, but the result was negative Further attempts at separation by 
diffusion involving the construction of elaborate devices for repeating the 
difiusion process many thousand times gave inconclusive results As is 
now known, this was due to inadequate mixing After the war Aston started 
a new line of attack by improving the apparatus for the electromagnetic 
analysis of positive rays Known as the mass spectrograph, hia instrument, 
which depends on an mgemoua focusing of the rays, was powerful enough to 
show that the hghtor constituent of neon had a mass less than corresponded 
to the density of the gas as a whole, which was therefore a mixture But 
the results went much further, and Aston found that not neon only but the 
majority of elements consisted of mixture of isotopes, in the sense already 
established by Soddy and others for certain products of radioactivity This 
discovery profoundly altered men’s views as to the nature of the ordmary 
chemical elements For one thing, atomic weights as ordmanly determined 
were seen to be merely weighted means and not fundamental constants 
By vanous modifications of this method Aston was able to extend his 
expenments to cover the great majority of the knowm elements, and to 
establish the existence of hundreds of isotopes In addition he was able 
to show that, with the exception of hydrogen, all the isotopes had nearly 
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integral atomic weights taking oxygen as 16 This result was of great im¬ 
portance m connexion with Rutherford’s theory of the nucleus 

The later developments of Aston’s work are concerned mainly with the 
small deviations from this whole number law Smoe on the theory of 
relativity mass and energy are equivalent, the mass of a nucleus is a 
measure of its mternal energy, and the small divergencies from whole 
numbers give the energy with which the constituent particles are bound to¬ 
gether Usmg an improved mass-spectrograph capable of an accuracy of 1 m 
20,000, Aston has determined this bmdmg energy with considerable accuracy, 
at least for the lighter elements His figures have been checked m many cases 
by the results of atomic disintegrations, and, with similar measurements 
by Bainbndge, form an mvaluable basis for the study of nuclear changes 

By determining photometncally the proportions of the isotopes, Aston 
has been able to calculate “diemical” atomic weights, which m some cases 
have corrected those found by the older methods Thus both in chemistry 
and in physics Aston’s work has been of outstanding value 

A Royal Medal is awarded to Professor Ronald Aylmer Fisher His 
contnbutions, both to the development of the logical theory of statistical 
methods and to the invention of efficient tools for the use of the expen- 
raental worker, have been of outstandmg importance Before Fisher 
entered the field (m 1912), the work of Galton, Pearson and their immediate 
pupils had widely extended the connotation of statistical methods, par¬ 
ticularly m biological research Useful descnptive methods had been 
invented and reasonably adequate tests of samphng errors when samples 
were large (say, a hundred or more observations) were made available As 
a result there was an enormous increase m the number of workers who 
apphed quantitative methods to biological, medical and sociological 
problems It may be said that m freeing the statistical methods of weak¬ 
nesses obvious a quarter of a century ago, Fisher has been one of the 
chief contnbutors to the improvement of the logical basis of statistical 
methodology He has been the most important contnbutor both to the 
theory and practice of small sample analysis, and to the armamentanum 
of statistical tools for biological and technological research His own 
practical contributions to the study of genetics have been neither few 
nor unimportant (his treatise The Oenetical Theory of Natural Selectton, 
1930, and papers in the B Proceedings and Transactions of the Society are 
examples), but the scope of his work has covered a much wider field of 
scientific research interesting both the physical and biological sides of the 
Society 
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The Davy Medal ib awarded to Professor Geobqe Baroeb He has 
been continuously engaged m research, mainly on the constitution and 
synthesis of natural products, since 1902 

His two most important contributions to knowledge are linked together, 
namely, his work on the alkaloids of ergot and on the sympathomimetic 
amines 

After his isolation (with Carr) of the alkaloid ergotoxme, to which the 
eflFect of eigot on the cock’s comb is due, he showed that the pressor bases 
from putrid meat were the products of decarboxylation of ammo-acids, 
and included p-hjdroxj^fihenylethylammo derived m this way from tyro- 
sme He worked out methods for the synthesis of p-hydroxyphenylethyla- 
mme and alhod compounds, and proved that this compound and also 
histamine, the product of decarboxylation of histidine, occurred in extracts 
of ergot 

One of the earliest systematic investigations of the relation between 
chemical constitution and pharmacological properties was the work which 
he carried out m collaboration with Dale on the sympathomimetic amines 
of the phenylethylamme class 

He has made considerable contributions to our knowledge of the consti¬ 
tution of many alkaloids, including carpaine, physostigmme and yohim¬ 
bine, and also of many naturally occurring derivatives of ammo-acids, such 
as camosme, ergothioneine and methionine vSpecial mention may be made 
of his work, earned out jointly with Harmgton, on the constitution and 
synthesis of thyroxine 

The Dabwin Medal is awarded to Professor Fbedebic’K Obpen Boweb 
His mam contributions to botany have been the mtensive study of the 
morphology and aflimties of ferns and alhed plants A series of papers 
pubhshed in the Transactions of the Royal Society and the Annals of 
Botany on the development of spore-beanng organs in the Ptendophyta is 
a contnbution to phylogeny of great importance In his book Origin of a 
Ijand Flora (1908) Bower discussed evolutionary problems with sjiecial 
reference to the Bryophyta and Ptendophyta 26 years later he dealt with 
the same problem m Primitive Land Plants His three volumes on ferns 
(1923-8) are a classic work on the affimties of members of this group and 
a most valuable source of mformation 

In 1930 ho discussed Size and Form in Plants His latest book, Sixty 
years of botany in Britain, wntten m his eighty-third year, is m part 
autobiographical Professor Bower has consistently devoted himself to 
a branch of botanical science m which he has long been regarded as a 
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leading authority By hia own lesearchea and the judicial examination of 
recorded facts he has thrown light on the natural affimties of oertam groups 
of plants 

The HtTGHES Medal is awarded jontly to Dr John Douglas Cockceoft 
and Dr Ernest Thomas Sinton Walton The discovery by Dr Cockcroft 
and Dr Walton that the transmutation of elements can be effected by 
means of artificially accelerated particles has opened up a new Ime of work 
of outstanding interest and importance In previous expenmerrts, imtiated 
by Rutherford as long ago as 1919, the transmutation of several elements 
had been produced by bombarding them with the a-particles from the 
natural radioactive substances In this early work it was thought that 
bombarding particles of very great energy were required to disrupt atomic 
nuclei The development of quantum mechanical ideas to nuclear problems 
made it possible for the first tune to see how charged particles of low energy 
could penetrate into an atomic mu leus, and, moreover, enabled calculations 
to bo made of the probability of penetration It was on the basis of such 
calculations that Cockcroft and Walton came to the conclusion that protons 
accelerated by moderate potentials, of the order of a few hundred kilovolts, 
should be able to effect the disintegration of the lighter elements During 
1930 attempts were made to disintegrate lithium by bombardment with 
protons iismg accelerating voltages up to 300,000 V The results were at 
first negative but continued experiment, in which the apparatus was 
redesigned to give voltages up to 000 kV, was m 1932 rewarded with the 
successful disintegration of lithium by bombardment with protons Thus 
for the first time an atomic transmutation was effected by means entirely 
under the experimenter’s control 

These experiments of Cockcroft and Walton gave a tremendous imjietus 
to investigations in nuclear physics Their work has been taken up m many 
laboratones and m many countries, and it has given rise to such a moss of 
experimental results as to form almost a new branch of science 
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A quantitative investigation into the enterohepatic 
circulation of bile salts in the cat 

By J Mellanby, F R S , and S F Suffolk 
From the University Laboratory of Physiology, Oxford 

{Received 23 August 1938) 

In 1870 Schiff put forward his hypothesis of the enterohepatic circulation 
of the bile He observed that if a large hstulous opening be made m dogs 
between the surface of the abdomen and the gall bladder without the com¬ 
mon bile duct being ligatured, the bile flows externally If, however, the 
hstulous opening is closed, then the bile flows into the intestine ITsing dogs 
with “amphibolic” hstuloe SchifFfound that the quantity of bile obtamed 
from such hstulae was much greater immediately after the bile had been 
allowed to flow into the intestine than when it had been flowing externally 
The part played by bile salts m this phenomenon he established by the 
introduction of bile salts mto the intestine through a duodenal fistula This 
procedure increased both the quantity of bile and the amount of bile salts 
secreted The circulation of the bile salts has been confirmed by many 
observers Weiss ( 1884 ) ted glycocholic acid to dogs and found the cor¬ 
responding acid m the bile subsequently excreted although dog’s bile 
normally contains tauroiholic and only 

There are differences of opinion m regard to the circulation of bile pig¬ 
ments Whipple ( 1922 ), as the result of an extensive senes of investigations, 
came to the conclusion that there is no evidence for the circulation of bile 
fugments On the other hand Brown, McMaster and Rous ( 1923 ) fed sheep’s 
bile which contams a characteristic pigment, cholohaematm, to dogs and 
found it m fistula bile Further, they observed that dogs fed on dog bile often 
showed a marked increase m the output of bilirubm m the bile subsequently 
excreted Simdarly, McMaster and Elman ( 1925 ) found that pure bilirubin 
given by the mouth or injected mto the duodenum causes an increase in the 
bihrubin content of fistula bile 

In this paper the quantitative phenomena observed m the secretion of 
bile from the liver under varying conditions are described Continuous 
samples of secreted bile have been analysed and their cholic acid contents 
[ 287 ] 
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determined From these data precise information has been obtamed on the 
enterohepatic circidation of the bile salts 


1 Methods 

(а) Operative technique The majority of the experiments were earned 
out on cats Anaesthesia was mamtained by the intravenous injection of 
thloralose (0 08 g /kg ) after prelimmary mduction with ether or ethyl 
chlonde Tracheotomy was performed and intravenous mjections were 
made through a cannula inserted mto the right saphenous vem The abdo¬ 
men was opened by a mid-lme incision, and the gall bladder was emptied 
after a ligature had been tied round its neck A cannula was inserted mto 
the common bile duct near its entrance into the duodenum, and, in some 
expenments m which the pancreatic juice was collected, a second cannula 
was tied into the pancreatic duct The liver bile was collected and the 
amounts secreted during each hour recorded These hourly samples were 
assayed for cholic acid 

( б ) Estimation of cholic acid The cholic acid content of the bile samples 
was estimated colonmetncally The pigment was hrst removed by the 
method of L D Scott ( 1933 ) 0 4 c c of bile secreted directly from the 
liver, or 0 2 c c of gall bladder bile, were added to about 10 c c of absolute 
alcohol and boiled for 3 mm in a water bath After cooling, absolute 
alcohol was added to bring the volume to 20 c c and the tarry precipitate 
was filtered off To 15 c c of the filtrate 1 c c of saturated aqueous banum 
hydroxide was added and the mixture boiled gently for 3 mm , dunng 
which time a considerable amount of flocculent precipitate formed The 
suspension was then allowed to stand m a refrigerator for not less than 
30 mm As more complete precipitation of the pigments occurred if the 
tubes were kept cold for a longer penod, they were usually kept in the 
refrigerator overnight The precipitate was then filtered off and the colour¬ 
less filtrate was assayed for cholic acid, 1 c 0 of the filtrate contaimng 
3/64thB of the total acid m the onginal volume of the sample taken 

The chohe acid content of the filtrates was estimated by the blue colour 
reaction of Gregory and Pascoe (19Z9) 

A senes of standard tubes were set up contammg 0 1,0 2, ,09 and 

1 c c of 0 1 % chohe acid m absolute alcohol Tubes contammg 0 5, 2 0 and 
8 0 c c of the filtrate from the sample were also prepared All the tubes 
were placed m a hot water bath and evaporated to dryness To each tube 
1 c c of freshly prepared 0 16% aqueous furfural and 3 c c 46% 
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were added After thorough mixing of the contents the tubes were im¬ 
mersed m a water bath at 66° C for 30 mm The blue colour of the samples 
was matched immediately against the standard tubes 
By usmg this range of standards and this wide range ot quantities for the 
samples a large vanation of concentration of bile acid in the onginal speci¬ 
mens of bile allowed at least one tube of the three to be matched agamst a 
standard Thus, samples of bile containing as much as 10% or as little as 
0 07 % cholic acid could be estimated without modihcation of the method 
Further, the method allows samples of bile contaimng as little as 0 2 mg 
of cholic acid to be assayed accurately It \^as therefore possible to carry 
out a senes of analyses on small successive quantities of bile, collected 
hourly, during an acute experiment and thereby to determine the ongm or 
fate of bile salt under a definite o\|ienmental procedure 


2 ThF amount of CHOLK’ acid in Till!, Bn,K ot THE 
FASTING AND FED OAT 

Many mvestigators have determined the effect of various procedures on 
the biliary apparatus of the liver by measuring the volume of bile produced 
in defimte penods of time In point of fact, however, the bile salts confer 
on bile the physiological properties which determine its importance as a 
digestive secretion Although it is generally true that an mcreased secre¬ 
tion of bile salt is accompanied by an increased volume of bile yet under 
many expenmental conditions the volume of bile may show no change with 
large vanations in the bile salt content In the account of these expen¬ 
mental results, therefore, although the volume of bile secreted is usually 
recorded, yet greater attention has been paid to the absolute amount of 
bile salt secreted (estimated as cholic at id) under definite conditions 
(a) The fasting cat Although the secretion of bile is a continuous process 
yet the rate of secretion is greatly modified by the state of digestion A cat 
which has not been fed for 24 hr usually secretes ftom 0 5 to 1 c c of bile 
per hour The volume of bile secreted is fairly constant but the cholic acid 
content diminishes to a very small amount as secretion proceeds The 
followmg figures illustrate typical exiienmental results obtained from a cat 
which had not been fed for 20 hr 

The bile obtained from the gall bladder at the beginning of the expen- 
ment amounted to 3 c c and contained 9 6 % cholic acid The cholic acid 
content of this bile was therefore 288 mg 
The bile secreted from the hver during the next 6 hr gave the followmg 
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Time Vol (c o ) of bile Choho acid (mg ) 


hr per hr per hr 

1 03 87 

2 04 43 

3 06 2 0 

4 06 06 

6 06 06 

6 06 06 

Total 2 8 16 6 


The results show that m the fasting cat almost the whole of the bile salt 
18 contained in the gall bladder bile, whilst the amount contained in the 
continuously secreted hepatic bile is of very small dimensions The low bile 
salt content of the liver bile in the fasting cat differs from that descnbed for 
animals with permanent biliary hstulae Thus Bidder and Schmidt ( 1852 ) 
found that the flow of bile from fistulae in fasting cats greatly diminished 
m volume but the percentage of solids in the bile was maintained Okada 
( 1915 ), on the other hand, foftnd the biliary secretion diminished both m 
volume and m total solids during starvation The most stnkmg results, 
however, were obtained by Foster, Hooper and Whipple ( 1919 ) who found 
that a fistulous dog excretes considerable quantities of bile acid during fasting 
penods They assumed that under these circumstances the bile acid ex¬ 
creted represented the rate of synthesis m the fasting fistulous ammal The 
figures given above show that m an acute exjienment on a fastmg anaes¬ 
thetized cat the rate of synthesis of cholic acid is less than 0 6 mg /hr In 
a subsequent section experimental results are descnbed on unanaesthetized 
fed cats which indicate that re-formation of cholic acid in an animal de¬ 
prived of the greater part of its bde may take place at the rate of 100 mg /day 
or approximately 4 mg /hr This figure is about eight times that of the rate 
of excretion of cholic acid in the fasting anaesthetized cat and may mdicate 
either the effect of diet on the synthesis of bde salt or the depressant action 
of anaesthetics on the bde salt mechanism 

(b) The fed cat The following results were obtained from a cat which had 
been well fed 6 hr previous to the start of the experiment The ammal was 
in an active state of digestion 

The gall bladder contained only 1 3 c c of bde and the chohe acid con¬ 
tent was 1 07 o/,, the gall bladder therefore contained 13 9 mg chohe acid 
The bile secreted from the hver during the next 7 hr was collected and 
assayed for cholic acid The figures shown on next page were obtamed 
Three facts are shown by these figures ( 1 ) the small volume of bde and 
its low bde salt content m the gall bladder of the oat m active digestion, 
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(2) the relatively large quantity of bile salt secreted in the hepatic bile, and 

(3) the increase m volume of the hepatic bile 

It 18 evident, however, that a great part of the bile salt of this cat was 
contained in some part of the extra hepatic system since only 87 rag of 
cholic acid can be accounted for in the gall bladder bile and hepatic bile, 
whereas a cat weighing 3 kg contains on the average 300 mg of cholic acid 


Time 

Vol (c c ) of bile 

Cholic acid (mg ) 

hr 

per hr 

|)er hr 

1 

1 2 

7 2 

2 

1 8 

10 8 

3 

1 5 

70 

4 

1 3 

7 8 

S 

1 1 

96 

6 

09 

14 4 

7 

1 0 

10 0 

Total 8 8 ( c 

72 8 mg 

(c) The fed cat with ita small intestine removed In this exjienment the 
effect of removal of the small mtestme from a fed cat on the chohc acid 

content of the hepatic bde 

was determmed 


The cat was fed 6 hr before the start of the experiment as m the previous 

case The bile secreted for 

an mitial jienod of 2 hr was collected and its 

cholic acid content determined At the 

end of this time the small 

mtestme was removed The volume of bile and its cholic acid content was 

determmed hourly for the next *> hi 


lime 

Vol (c c ) of bilo 

Cholic acid (mg ) 

hr 

per lir 

jxir lir 

1 

28 

74 8 

2 

2 7 

26 9 

Small mtestme removed 

3 

2 5 

60 

4 

1 6 

1 6 

S 

1 3 

0 6 

6 

1 3 

0 66 

7 

10 

06 


In this animal the gall bladder was practically empty There was a very 
large amount of cholic acid (100 mg ) contained in the hepatic bile secreted 
dunng the mitial 2 hr period The removal of the small mtestme, however, 
at once caused the cholic acid content of the hepatic bile to drop to the level 
of the fastmg cat mdicating that the immediate source of the choho acid 
secreted m the hepatic bile was the bile salt absorbed from the small 
mtestme The results gave a stnkmg demonstration of the part played by 
the small mtestme in the enterohepatic circulation of the bile salts 
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3 The absobptiow of bilb salt from DiFFBEEirr parts 
OF THE ALIMENTARY CANAL 

The foregoing experimental results suggested a method for determmmg 
the rate of absorption of bile salt from different segments of the alimentary 
canal The prmciple of the method was to determine the rate of secretion of 
cholic acid in the hepatic bde of a fasting cat for 2 hr Then dilute bde was 
put mto that part of the alimentary canal it was desired to investigate 
The effect on the cholic acid content of the subsequently secreted bile 
showed the degree to which absorption had taken place 

(a) Duodenum and jejunum Cannulae were inserted mto the common 
bile duct and pancreatic duct of a fasting cat after the gall bladder had 
been ligatured at the neck The bile was removed from the gall bladder and 
diluted to 25 c c with 0 15% NaHCOg The hepatic bile was coUectod for 
2 hr and then the dilute bde was injected mto the duodenum and jejunum 
isolated between two ligatures placed at the pyloric sphincter and upper 
end of the ileum The secretions of bile and pancreatic juice were collected 
over a period of 7 hr The following results were obtamed 


Time 

Vol (c c ) of bile 

Cholic acid (mg) 

Pancreatic juice 

hr 

per hr 

per lir 

(c c ) per hr 

1 

26 

9 1 

0 

2 

33 

4 1 

0 

Dilute bile mjeotod mto the duodemuii and jejunum 

3 

27 

36 

60 

4 

36 

45 

7 7 

6 

29 

62 

7 1 

6 

30 

10 8 

40 

7 

25 

67 

22 


The most spectacular effect was the large secretion of pancreatic juice 
(26 t c ) m the 5 hr following the mjection of the dilute bile into the small 
mtestme, an effect due to the absorbed bile salt carrying the secretin con¬ 
tained m the duodenal mucosa into the blood (Mellanby 1926 ) It is 
evident from the cholic acid content of the bile that although bile salts are 
absorbed from this part of the small mtestme yet absorption is relatively 
slow In the fastmg oat the average secretion of bile salt durmg this 6 hr 
contains 5-10 rag of choho acid In this cat the absorption of the dilute 
bile from the duodeno-jejunal segment raised the cholic acid content of the 
hepatic bile to 30 7 mg , rather less than one-third of the chohc acid content 
of the injected bile (107 mg ) 

( 6 ) Tht ilctttn In these experiments gall bladder bile diluted with 
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0 16 % NaCHO) was injected into the ileum, isolated between two ligatures, 
one placed at the lower end of the jejunum and the other at the ileo-cohc 
sphincter 

Time Vol (o o ) of bile Choho acid (mg ) 


lir per hr per hr 

1 11 17 6 

2 19 10 8 

Cat’s gall bladder bile (3 c c ), diluted to 26 c c 
with 0 16 % NaHCO,, injected mto the ileum 

3 22 88 

4 2 6 13 0 

6 2 6 20 8 

6 2 7 28 9 

7 2 8 22 4 


It 18 evident that bile salts are absorbed much more rapidly from the 
ileum than from the upper part of the small mtestme— the volume of liver 
bile secreted per hour was almost doubled and the amount of cholic acid 
contamed m the 6 hr secretion rose to 94 mg No pancreatic juice was 
secreted throughout the exiienment a fact which agrees with the observa¬ 
tion that no secretin is contained in the mucous membrane of the ileum of 
the cat (Mellanby and Huggett 1926 ) 

(f) The large intestine and rectum (Jeneral c'onsiderations indicate that 
m the cat digestion and absorption are fairly comjilete before the contents 
of the alimentary canal pass mto the large intestine In accordance with 
this assumption the following e\|K!nmontal rc suits show that absorption of 
bile salts from the large intestine is slow and incomplete 

Dilute cat’s bile (40 c c containing 0 27 % cholic acid) was injected into 
the large intestine of a fasting cat, the intestine having been first emptied 
and washed out with Rmger and hgatured at the ileo-cohc sphmcter and the 
internal sjihmcter of the anus 

The hourly secretion of cholic acid in the hepatic bile before the intestinal 
injection of dilute bile was 27 7 mg /hr In the succeeding 6 hr the average 
secretion of cholic acid fell to 8 1 mg /hr , a figure which is above that of the 
fasting cat (average about 2 mg /hr ) The amount of fluid removed from the 
large intestine after the experiment was 4 6 c c contammg 1 46 % cholic 
acid This fact is remarkable smce the mjected bile contained only 0 27 % 
cholic acid, 1 e there had been a differential absorption of water from the 
large mtestme so that the residual bile salt concentration increased fivefold 
The mucous membrane of the large mtestme was extracted with alcohol 
This extract contamed 28 mg of cholic acid 

From these figures it is possible to account for the greater part of the 
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108 mg of chobc acid contained in the dilute bile injected mto the large 
mtestme Thus there remamed m the lumen of the gut 4 6 c c of flmd con¬ 
taining 1 46 % chohc acid or 65 7 mg of cholic acid A further 28 mg of 
cholic acid were extracted from the intestinal mucosa by alcohol Thejefoi^ 
there remains only 16 mg of chohc acid to be accounted for and this'^inay 
be taken as the increased secretion of chohc acid m the hepatic bile beyond 
that secreted by the normal fasting cat 
It 18 evident that bile salts are absorbed with difliculty from the large 
intestine and that any fluid contammg them tends to concentrate the bile 
salt withm it owing to the preferential absorption of water Further, it 
appears that the rapid passage of the contents of the small intestine into 
the large mtestme may involve a eonsidorable loss of bile salts to the 
ammal 


4 The rate of excretion of bile salts from the blood 

The presence of recognizable quantities of bile salt m the blood is dis- 
jiuted Some observers give values rangmg from 3 to 6 mg of bile salt m 
100 c c of normal blood (Aldrich and Bledsoe 1928 , Charlet 1929 ) On the 
other hand Gregory and Pascoe ( 1929 ) and Walker ( 1930 ) state that 
demonstrable quantities of bile salts do not exist in normal blood Many of 
the estimations are based on a modified Pettenkofer reaction Walker has 
shown that such a reaction is given by cholesteryl oleate and this compound 
18 present m the blood of the ox, dog, horse, rabbit and man The absence 
of bile salts from the blood forms the basis of an expenment to determine 
whether these salts are stored m any tissue of the body outside the entero- 
hepatic apparatus 

The initial secretion of chohc acid m the bile of a fasting cat was at the 
rate of 4 9 mg /hr 

112 mg of chohc acid dissolved m 12 c c alkalme Rmger was divided 
mto 12 equal portions and 1 c c was injected every 16 mm mto the right 
saphenous vein Dunng the next 3 hr the secretion of chohc acid m the 
hepatic bile rose to 30 7, 39 3 and 27 9 mg respectively and m the hour 
succeeding the mjections fell to 9 6 mg The total amount of chohc acid 
injected was 112 mg , withm an hour of the last mjeotion 107 mg had been 
secreted m the hepatic bile 

The results give a stnkmg demonstration of the non-threshold character 
of bile salts in regard to the secretory cells of the biliary apparatus of the 
liver They also indicate that bile salts are not stored m any tissue of the 
oat outside the enterohepatic system 
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6 Skoretin as a cho£aooqfe 

In 1902 Bayliss and Starling showed that the intravenous injection of a 
solutim of secretin, free from bile salts, mto a dog increased the flow of bile 
Since that time the cholagogue action of secretin has been repeatedly 
confirmed 

A quantitative senes of experiments were carried out to determme 
whether the increased volume of bile secreted under the influence of intra- 
\enous secretm mjections was accompanied by an increased secretion of 
bile salts The volume of bile secreted per hour and its cholic acid content 
were deterramed in a fasting cat over a penod of 2 hr Dunng the next 3 hr 
0 ft mg of secretin dissolved in 6 c c of 0 1 % NaHCOj was injected in 
quantities of 1 c c at half-hourly intervals into the right saphenous vem 
During this time the bile and pancreatic juice were collected and after the 
cessation of the secretin injections the normal flow of bile was observed for 
a further penod of 2 hr 

Tune Vol (o c ) of bile Cholic acid (mfj ) Pancreatic juice 

hr per hr per hr (o c ) per hr 

1 2 0 22 6 0 

2 24 90 0 

0 6 mg secretin injectcsl intravenously m (juantitios 
of 0 1 mg every half hour 

3 3 4 47 2 8 

4 35 24 30 

5 3 1 1 2 3 3 

6 26 12 0 

7 21 06 0 

The well known effect of secretm in augmentmg the volume of bile is 
evident from the figures The average quantity of bile produced per hour 
before and after the secretm injections was 2 2 and 2 3 c c respectively 
Dunng the secretm mjections the volume rose to 3 3 c c A 60 % mcrease m 
volume of the bile secreted is the change usually observed dunng secretm 
injections On the other hand, the total quantity of cholic acid contamed 
in the bile decreased steadily dunng the secretm mjections There was no 
indication that secretm mcreases the secretion of cholic acid, the essential 
constituent of the bile viewed from the standpomt of digestion It is an 
mterestmg fact that secretm exerts the same type of action on the external 
secretion of the pancreas and on the^cretion of bile In the former c 8 wo 
secretin detennmes the volume of dilute NaHCOg m which the pancreatic 
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enzymes are oontamed, the enzyme formation being a function of the vagus 
nerve, and m the case of the bile secretm determines the volume of flmd 
but has no influence on the essential cholic acid content 

6 The inelubncb of the autonomic nerves on the 

SECRETION OF BILE 

In 1869 Pfluger observed that section of the nerves supplying the liver 
had no influence on the secretion of bile In 1902 Langley investigated the 
effect of the sympathetic system on bile secretion by using an aqueous 
extract of suprarenal gland dried tn vacuo He found that such an extract 
caused a tem|K)rary mcrease followed by a decrease of hepatic secretion If, 
however, the gall bladder was not tied off there was invariably a dimmution 
of the bile flow This he assumed to be due to mhibition of the gall bladder 
Other observers (Downs and Eddy 1919 , Adachi 1923 , Specht 1933 ) have 
described a reduction of bile flow after the injection of adrenalin Although 
it 18 generally agreed that sympathetic stimulation diminishes the volume of 
bile, yet Neubauer ( 1923 ) observed, m rabbits, an mcrease of bile solids 
after stimulation of the splanchnic nerves In regard to the parasympu 
thetic nerves to the liver Adachi ( 1923 ) found that acetylchohne retarded 
the outflow of bile in fistulous dogs On the other hand, Brugsch and Horsters 
( 1926 ) found that parasympathetic stimulation by means of pilocarpine 
and acetylchohne caused an increase of bile flow 

In these experiments precautions were taken to exclude effects due to 
changes in the absorption of bile salts from the ahmentary canal The 
experiments were therefore earned out on fastmg cats Agam precautions 
were taken to exclude all extraneous effects due to the musculature of the 
gall bladder and its ducts The gall bladder was emptied and the cystic duct 
was tied as near as possible to the common bile duct 

(o) The paraaympaihehc nerves Paralysis of these nerves m a fastmg cat 
was produced by the intravenous injection of 6 mg of atropme The atro- 
pme was injected after the normal hepatic secretion had been collected for 
2 hr 

Tunc Vol (c c ) of bile Chobc aoid (mg ) 


hr per hr per hr 

1 0 6 12 0 

2 0 5 6 0 

6 ing atropine injeoted 

3 08 4 2 

4 07 1 8 

5 0 76 1 4 

6 06 1 1 

7 06 07 
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The excretion of bile and its choho acid content before and after the 
injection of the atropine is the same as that observed in the normal fasting 
cat There is no evidence that general parasympathetic paralysis mfluences 
the volume of bile secreted or its cholic acid content 

A second senes of expenments were earned out m which general para¬ 
sympathetic stimulation was produced by the subcutaneous injection of 
acetylcholine (3 mg ) into an esenmzed cat (1 mg ) The normal hepatic 
secretion was collected for 2 hr before the injection of the esenne and 
acetylcholme The following results were obtained 


Time 

hr 


2 


Vol (c c ) of bile 
per hr 
3 0 
30 


of chohe Cholic acid (mg ) 
acid per hr 

0 67 20 1 

0 17 6 6 


Esermo and acetylcholine injwted 


2 7 0 10 2 7 

3 ! 0 10 3 1 

2 0 0 10 2 9 

2 6 0 07 1 8 

2 4 0 07 1 7 


Esenne (1 mg ) followed, after 16 mm, by acetylcholme (3 mg ) was in¬ 
jected Powerful stimulation of the paiasympathetic system was evident 
from the large secretion of saliva 

The results show that parasympathetic stimulation produced by acetyl- 
chohne has no effect on the volume of bile secreted nor on the quantity of 
cholic acid contained m it Prom the results of these experiments with 
atropme and acetylchohne it is clear that the vagus nerve does not m- 
fluence the bihary hepato-secretory apparatus m the cat 

(6) The sympathetic nerves Stimulation of the sympathetic system in a 
fasting cat was obtained by the intravenous injection of small quantities of 
adrenalm The following figures show the results obtamed by the intra¬ 
venous mjection of 2 mg of adrenalm divided into 12 equal portions, m- 
jected at equal mtervals of time (10 mm ), during a penod of 2 hr The bile 
was collected for 2 hr before, during, and 3 hr after the adrenalm injections 
The figures show a small dimmution of bile secretion dunng the adrenalin 
mjeotions and confirm the general results of earlier workers A striking 
effect, however, is the continued fall in bile flow for 3 hr after the cessa 
tion of the mtravenous mjections of adrenaliii 

The figures showing the choho acid content of the bile are of interest 
There is no continuous fall of cholic acid content comparable to that seen m 
the normal fasting cat, m fact, during the adrenahn mjections the total 
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cholic acid excretion kept up at a relatively high level while m the suc¬ 
ceeding 3 hr there was a large increase in the ohobc acid content of the bile 
which more than compensated for the diminished volume The results 
indicate that under the influence of general sympathetic stimulation by 
adrenabn there is a synthesis of chobc acid from some precursor 

Time Vol (c c ) of bile % of cholic Choho acid (mg ) 

hr per hr acid per hr 

1 1 0 2 13 213 

2 1 1 0 93 10 2 

2 mg of adrenalm in 12 equal portions injected into the 

saphenous vem at 10 mm mtervals 

3 0 9 0 67 6 0 

4 0 8 0 67 5 4 

6 0 7 0 67 4 7 

6 0 6 0 80 4 8 

7 0 6 1 60 9 6 

The synthesis of bile salt under the influence of general sympathetic 
stimulation (adrenalin) and the absence of effect of parasympathetic 
stimulation (acetylcholine) and paralysis (atropine) is the reverse of that 
observed with the external secretions of the gastric mucosa and pancreas 

7 The total amount of chouc acid in the cat and rat 

(a) The cat The total amount of chobc acid m the enterohepatic system 
of a cat can be readily determmed After 24 hr alimentary rest the greater 
part of the cholic acid is contamed m the gall bladder bile This bile is 
therefore removed and its chobc acid content determmed The remaining 
chobc acid of the animal is secreted in the bile collected from the liver over 
a period of 7 hr After about 4 hr the hepatic secretion m the fasting cat 
usually contains only about 1 mg /c c of bile A simple calculation gives an 
approximate value for the total chobc acid content of the ammal 

The following figures give the result of a typical experiment 

Tune Vol (c o ) of bile % of oholic Cholic acid (mg ) 

hr per hr acid per hr 

1 1 2 1 87 22 4 

2 1 2 0 53 6 4 

3 1 1 0 27 3 0 

4 11 0 13 14 

5 0 9 013 1 2 

6 0 9 0 13 1 2 

Total 6 4 35 6 
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The gall bladder contained 4 2 c c of bile which assayed 4 27 % of ohobo 
acid This bile therefore contained 179 3 mg chohc acid 

The bile was collected from the liver during a period of 6 hr and assayed 
for cholic acid 

The cat (weighing 2 9 kg ) contained 179 3 mg of chohc acid in the gall 
bladder bile and 36 6 mg was secreted by the hepatic bile giving a total of 
215 mg chohc acid m the animal 

( 6 ) The rat The rat possesses no gall bladder Therefore the bile is 
stored in the capacious bile ducts or is continuously circulating in the 
enterohepatic system It was of mterest, therefore, to compare the chohc 
acid content of this type of ammal with the cat 

The following figures show the hourly secretion of bile and its chohc acid 
content in a fasting rat weighing 300 g 


Time Vol (o c ) o 
hr per hr 

1 07 

2 06 

3 07 

4 06 

6 0 46 

6 07 

7 06 

Total 4 16 


bile % of oholio 
acid 
0 46 
0 21 
0 11 
0 11 
0 12 
0 04 
0 10 


Cholio aoid (mg ) 
per hr 
3 16 
1 0 
08 
0 66 
05 
03 
0 6 

69 


This rat therefore con tamed only about 7 rag of chohc acid in its entero¬ 
hepatic circulation 

The oat of a weight approximately ten times that of the rat contamed 
216 mg chohc acid Therefore the cat contained three times as much chohc 
acid per umt of weight as the rat 

It may be observed, however, that iii the rat the average volume of bile 
secreted per hour was 0 6 o c and m the cat 1 c c /hr Therefore, for umt 
weight, the average volume of bile secreted by the rat is six times that of the 
cat, a figure which more than compensates for the relative chohc acid ratios 
of the cat and rat 


8 The rate of formation of cholic acid 

Bidder and Schmidt ( 1852 ) calculated that seven-eighths of the total 
quantity of bile entenng the mtestme is reabsorbed Jenke { 1932 ), by 
estimations of the bile acid content of fistula bile and the amoimt of bile 
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acid in the faeces, calculated that the'daily loss was one-seventh of the 
total bile acid contained in the annual It was a matter of interest there¬ 
fore to determme the rate of 8)mthe8is of chohc acid m the cat Owing to 
the fact that almost all the bile salt is stored in the gall bladder of a fasting 
cat the information was readily obtamed 

A fastmg cat was anaesthetized with ether and operated on under 
aseptic conditions * The gall bladder was exposed, and the bile removed 
from it by a syringe The site of puncture was hgatured and the abdommal 
openmg closed 

The animal qmckly recovered from the operation and within 6 hr was 
eating fish and dnnking milk 

After 2 days the total cholic acid m the cat was determined by a com¬ 
plete experiment m which the bile was taken from the gall bladder and the 
hepatic bile collected over a period of 6 hr 

The total quantity of cholic acid was determined m the vanous specimens 
of bile The following figures summan/e the results 3 04 of bile containing 
8 6 % chohc acid was removed at the operation from the gall bladder, that 
18 , 266 mg of chohc acid 

In the complete experiment 2 days later the gall bladder contained 
1 8 c c of bile assaying 8% chohc acid—162 6 mg chohc acid 

The hepatic bile secreted dunng a period of 6 hr contamed 46 2 mg 
chohc acid Therefore the total chohc acid produced m 2 days was approxi¬ 
mately 209 mg after the removal of 266 mg 

The results mdicate that there is a considerable capacity for synthesis of 
bile salt in the cat, much greater than required for the replacement of a 
daily loss of 16% in the faeces 

It IS evident, however, that the rate of synthesis of bile salt is largely 
determmed by the nutritional state of the animal The cat from which the 
above figures were obtained suffered no apparent ill effects from the 
operation and ate well immediately after recovenng from the anaesthetic 
Another cat, although operated on m precisely the same way, refused to eat 
The chohc acid assays m this cdt gave the foUowmg results 2 o c of bile 
contaming 6 1 % chohc acid were removed from the gall bladder at the 
operation—that is 122 mg chohc acid 

Four days later the cat was anaesthetizeil and the total chohc acid 
determmed 

The gall bladder contained 0 2 c c of bile which had a content of 21 mg 
of chohc acid, and no bile was secreted by the liver 

♦ The aaeptio operations were earned out for us by Dr C L Q Pratt, to whom 
we desire to record our thanks 
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The authors desire to record their thanks to Messrs Sandoz, Basle, for 
their gift of pure bile acids used in these experiments 

Summary 

1 In a fasting cat about 96 % of the total bile salt is contained in the gall 
bladder bile The hepatic bile, contmuously secreted by the hver, contams 
only traces of bile salt 

2 In the fed cat the volume and bile salt content of the hepatic bile 
shows a large increase whilst the gall bladder contains only a small quan¬ 
tity of relatively dilute bile The removal of the small intestine causes an 
immediate fall in the cholic acid content of the hepatic bile to that found in 
the fasting cat 

1 Bile salts are absorbed more rapidly from the ileum than from the 
duodenum and jejunum A small amount of absorption occurs in the large 
intestine but the absorption of water takes place much more rapidly than 
that of bile salt Consequently, the original (oncentration of bile salt may 
be increased fivefold in the unabsorbed bile 

4 Bile salts mjocted mto the blood are rapidly excreted in the hepatic 
bile They are non-threshold substantes in respect of the biliary apparatus 
Bile salts are not stored in any tissue outside the enterohepatic system 

5 The mtravenous injection of secretin increases by 60 % the volume of 
bile secreted by the liver It has no effect on the total quantity of cholic 
acid contained in the bile Its action is therefore that of a hydrogogue 

6 Stimulation (acetylcholine) or paralysis (atropine) of the parasympa¬ 
thetic nerves to the liver has no influence on the volume or cholic acid 
content of the bile 

7 Stimulation of the sympathetic nerves to the hver (adrenalin) 
dimmishes to a small degree the volume of the bile secreted but augments 
the total amount of cholic acid contamed in it The sympathetic nerves 
may stimulate the formation of cholic acid from some inactive precursor 
by the hver cells 

8 After removal of the bile from a fasting cat, two-thirds of the cholic 
acid 18 resynthesized m 2 days if the ammal feeds well In the absence of 
eatmg no synthesis of chohc acid takes place 

9 A cat contains approximately 100 mg of chohc acid per kg of body 
weight A rat contams approximately 26 mg chohc acid per kg of body 
weight The rate of flow of bile per unit of body weight is about six times 
as great m the rat as the cat 
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Haemocuprein and hepatocuprein, copper-protein 
compounds of blood and liver in mammals 

By T Mann, Ph D ,* and D Kkilin, F R S 
From the. Moltervo Insl^vle, University of Cambridge 
(Received 29 Avgust 1938) 

[Plato 11] 

Introduction 

The occurrence of copper in plant and animal tissues has been known for 
more than a century Buchholtz (1816) and Meissner (1817) reported its 
presence m plants, Boutigny (1833) found it in animal tissues, and its 
presence in tissues of man was discovered by Devergie and Hervy (1838) 
and Devergie (1840) 

That copper is present in human blood has been recognized since the 
work of Deschamps (1849), and this fact was, later, generally accepted 
(Porter 1875) Its concentrations m the red blood corpuscles and serum of 
man and different animals of different ages, under normal and pathological 
conditions, have been estimated by several workers As to the distribution 
of copper between red blood corpuscles and serum, the statements are still 
somewhat contradictory 

While Elvehjem, Steenbock and Hart (1929) obtained higher values for 
red blood corpuscles, Sohmdel (1931) and Guillemet (1932) found, on the 
contrary, more copper m plasma 

The problem as to the state in which copper occurs m blood was ap¬ 
proached by several workers but so far all attempts to determme it were 
earned out only on the copper found m serum 

The supposition that m serum the copper is present m a more or less 
loose combmation with an organic compound, probably a protem, was 
supported by several observations Thus, it was found that the copper cannot 
be removed from serum by dialysis (Abderhalden and MoUer 1928), but it 
can be very easily liberated from its loose compound by weak hydrochlonc 
acid (Warburg and Krebs 1927) or by tnchloroacetio acid (Locke and others 

• Beit Memorial Reaearoh Fellow 
[ 303 ] 
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1932) and that by progressively lowering the pH of serum, an increasmg 
amount of copper dialyses out (Boyden and Potter 1937) It was shown by 
Tompsett (1934) that even the copper of the whole blood can be completely 
extracted with tnchloroacetic acid Moreover, the results of cataphoresis 
experiments by Eisler, Rosdahl and Theorell (1936) suggest that in horse 
serum copper is present as a compound with albumm 
Although these observations support the view that the copper in blood is 
present as a compound with a protein, no attempt has been made to isolate 
this compound m a purified state in order to ascertam its true nature 
In this paper we describe a simple method of isolation from red blood 
corpuscles and from horse serum of a copper-protem compound {haemo- 
c-uprein) in a pure crystalline state and compare it with another copper- 
protein compound (fiepatocupretn), which we have obtained in highly punfied 
state from mammalian livers 


METItOnS OF COPPER ESTIMATION 

Throughout this mvestigation the copper was estimated colonmetncally 
using diethyl-dithio-carbamate Two different procedures have been 
adopted for the combustion of the material 

(1) In all the preparations except the blood corpuscles, the matenal containing 
from 0 006 to 0 03 mg Cu is placed m a Kjeldahl flask, evaporated almost to dryness 
and destroyed with 2 c c sulphuric acid by heating it over a small flame When the 
combustion is complete the fluid m diluttnl with 20p i glass distilled water, neutralized, 
mixed with 6 c c 40 % citric acid solution ami made alkalme with ammoma The 
mixture IB quantitatively transferred to a separating funnel to which is added 10 c c 
of 0 1 % solution of sodium diethyl dithio carbamate and extracted with four lots 
(3 c c each) of carbon tetrachloride The combined yellow extracts are transferred to 
a small cylinder of the Wolff colonmcter and its colour compared with that of a 
carbon tetrachloride extract of a standard copper solution treated with sodium 
diethyl dithio carbamate solution 

(2) For the estimation of copper in blood corpuscles, the latter, after a thorough 
washing with salt solution, are plosniolysod with an equal volume of distilled water 
The solution, evaporated to dryness, is ashed for 6 !«■ in on electric muffle The ash is 
mixed with 2 c c concentrated nitric acid emd left overnight The excess of mtno 
acid IS removed by evaporation and the residue redissolvod mlOcc 10% hydro 
chloric acid The solution is made alkalme with strong ammonia, the precipitated iron 
hydroxide is centrifuged off, dissolved and precipitated ogam, and the fluid is trans 
ferred quantitatively mto a separating funnel together with 5 0 0 40 % solution of 
citric acid The fluid is made alkaline to litmus with ammoma and mixed with 10 c 0 
0 1 % aqueous solution of sodium diethyl dithio carbamate The yellow solution thus 
obtained is extracted with carbon tetrachloride and its copper content estimated as 
m the previous method 
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State of copper in bed blood corpuscles 

The fact that copper cannot be removed from plasraolysed red blood 
corpuscles by dialysis m neutral solution was confirmed by analysis of the 
copper content of laked corpuscles before and after dialysis against distilled 
water The Cu content of the solution was 0 024 mg Cu per 10 c c cor¬ 
puscles both before and after dialysis 
This expenment clearly demonstrates that the top]ier of the red blood 
corpuscles is bound to an organic non-dialysable substance such as a 
protein Further work on purification of this compound supported this 
view and has led, moreover, to the isolation from red blood corpuscles of a 
copper-protein compound m a pure c rystallme state This compound, which 
we have named haemocupretn* (Mann and Keilm 1938), contains the total 
copper present in erythrocytes 

We propose now to describe the successive stages of purification of this 
compound 

Purification of haemocuprein from red blood corpuscles 
( 1 ) Extradum with alcohol and chloroform 
Red blood corpuscles from 4 1 of defibrinated ox blood are separated 
from serum, washed twice with 41 isotonic aabne solution and plasmolysed 
with an equal volume of distilled water 
4 1 of the solution thus obtained (fraction A) contains 720 g dry sub¬ 
stance and 4 8 mg Cu, 1 e 0 00066 % Cu To 4 1 of this solution are added 
3 6 1 cold 90 % alcohol and 260 c c chloroform, the mixture is shaken for 
6 min , allowed to stand 10 mm in ice and then filtered on a large Buchner 
funnel (30 cm diameter) through a filter paper covered with kieselguhr 
The residue is mixed with 1 1 water and filtered in the same way 

The joint filtrates consisting of 8 I of clear yellow, sometimes slightly 
pinkish solution (B) contain 34 g dry substance and 2 4 mg Cu, le 
0 007 % Cu 

(2) Frectptlahon with lead acetate 

8 1 of cooled extract B is treated with saturated solution of lead acetate 
until no further precipitate is formed by the addition of a drop of this 
reagent to 2-3 c c of the filtrate Usually, 100-140 c c of saturated lead 
acetate is required for this purpose After 10 ram standing, the precipitate 
IS centrifuged off, suspended in about 200 c c of M /3 KJHPO4 and, after 
* The term haemocuprem should not be confused with haemocuprm of Sohmita 
(1931), which IS a protem free copper derivative of haeraocyanme 
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3 hr standing, centrifuged off The brown or reddish brown fluid which 
contains most of the haemocuprein is dialysed for 24 hr against distilled 
water, givmg 600 c c of solution (C) free from phosphates 

(3) Punficat%on vnth truMlctum phosphate 
600 c c of fluid C IS mixed with 2 g of freshly prepared tncalcium phos¬ 
phate gel, acidifled to pH 6 6-6 7 and after 10 min standing centrifuged or 
Altered 660 c c of clear slightly greenish solution (D) thus obtamed con¬ 
tains 3 4 g dry substance and 1 02 mg Cu, i e 0 03 % Cu 

(4) Precipitation vnth acetone 

Solution D IS precipitated at pH 6 7-6 8 with 1 7-2 vol of cold acetone 
and one or two drops of 50% CaClj The precipitate is centrifuged off and 
dissolved in about 160 c c water The undissolved residue is removed by 
filtration leaving 160 c c of clear, distmctly greenish solution (E) containing 
0 9 g dry substance and 0 68 mg Cu, i e 0 066 % Cu 

(6) Fractional adsorption on alumina Cy 
Solution E 18 treated with two portions of alumma Cy gel containing 
60 mg dry substance per c c The first adsorption is earned out with only 
10-16 c 0 of alumma gel which is centrifuged off givmg a greenish yellow 
cake (F) The bluish solution is treated with the second portion of alumma 
gel, added m sufficient quantity to remove the whole colour of the solution 
The gel, which is centnfuged off, is of greenish blue colour (G) 

Both coloured gels are eluted separately with 30 c e 0 * 2 Jlf K 2 HPO 4 each, 
alumma gels are centnfuged off and the coloured eluates (F and G) are 
dialysed against glass distilled water until completely free from phosphates, 
giving two coloured solutions (F and G) each 40 c c m volume 

Solution F 18 opalescent and green, has 100 mg dry weight and contains 
0 17 mg Cu,ie 0 17%Cu 

Solution G 18 clear and of bluish colour, has 160 mg dry weight and con¬ 
tains 0 38 mg Cu, 1 e 0 24 % Cu 

(6) Fractional precipitation by acetone 
Solution G only is used for further purification It is treated at pH 6 7 
with one volume of acetone, the precipitate is centnfuged off while the fluid 
18 treated with a second volume of acetone fomung a second precipitate 
Both precipitates are separately dissolved m 6 c c distilled water, the 
undissolved residues are centnfuged off and rejected, while the fluids H 
and J are kept for the Anal stage of punfication 
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(7) CryataMxzatton 

Of the two solutions thus obtained, the first (H) was found more smtable 
for crystalhzation of haemocuprein than the second (J), although in some 
preparations crystals could also be obtained from solution J 

To 6 c c of clear blue solution H are added one or two drops of 
acetate buffer pH 6 and a sufficient amount of cold absolute alcohol to 
produce a slight opalescence The solution is left in the ice chest and the 
crystalhzation which begins almost at once is complete in 24-36 hr , the 
crystals settling down to form a distmotly blue sediment 

The crystals thus obtamed, washed with absolute alcohol and dried in 
vacuo, weigh 30 mg 4 4 mg of dned crystals contain 0 016 mg Cu, i e 
0 34% Cu 

The analysis of crystals shows 14 36% N, 1 12*% S and 0 34% Cu The 
crystals are well defined but without sharp external faces, their general 
appearance is that of a double pyramid (fig 1, Plate, ll), on recrystalliza- 
tion they change their shape and become tabular with hexagonal outhnes 
(hgs 2, 3 and 4, Plate 11) 

A preliminary determination of the sedimentation constant earned out 
at Oxford by Mr J St L Philpot shows that the protein of this prepara¬ 
tion 18 homogeneous and that its molecular weight is not far from 36,O0O 
It therefore appears to contain two atoms of copper per molecule 


Habmocupbbtn from rkd blood corpuscles of other mammals 

The method of preparation of haemocuprein from the red blood corpuscles 
of ox desenbed above was applied to the corpuscles of other mammals In 
only two cases, however, were good preparations of this compound obtamed, 
one from corpuscles of sheep, contaimng 0 22 % Cu, the other from cor¬ 
puscles of horse and containing 0 31 % Ota Both preparations gave dis¬ 
tinctly blue solutions 

Assummg the copper content of pure copper protein m all animals to be 
0 34%, the punty of these two preparations would be 66 and 92% 
respectively 

The presence of a small amount of impurity prevented the complete 
crystallization from takmg place On redissolvmg the precipitate and 
treatmg the solution with alcohol, an mcomplete crystallization has been 
obtamed giving a mixture of fine amorphous matenal, numerous crystals 
with rounded corners and only a few perfect crystals 

The attempt to punfy this compound &om the red blood corpuscles of 
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man* gave so far two preparations with the copper content of 0 187 and 
0 21 % 


HaKMOCUPBBIN from B)U)O0 8BRUM 

The evidence that the copper m blood serum of mammals is present m a 
more or less loose combmation with an organic non-dialysable substance 
such as a protein was already given m the first section of this paper 
By applymg to horse serum a method of punfication slightly different 
from that already descnbed, we have been able to obtain a serum copper- 
protein c ompound in a highly purified state The compound thus obtained 
was found to be also of a distmctly blue colour and having all the properties 
of haemocuprein obtamed from corpuscles 

We can therefore consider this compound if not identical, at least suffi¬ 
ciently similar to haemocuprein to be referred to under the same name 


PURIHCATION OF HAEMOCUPREIN FROM HORSE SERUM 

21 horse serum is mixed with 21 water, 3 61 alcohol (90%) and 400 c c 
chloroform The mixture is thoroughly mixed by whippmg it for 6 mm , 
left standing 10 min and then centnfuged 0400 c c of clear yellow flmd is 
collected and treated with 100 c c saturated solution of lead acetate The 
cake 18 eluted with alkaline phosphate, the mixture centnfuged, the fluid 
collected and dialysed agamst distilled water until free from phosphate 
050 c c of clear greenish yellow solution thus obtained is mixed with 2 vol 
acetone and centnfuged The precipitate is dissolved m 200 c c water and 
treated for 30 min with a current of COj The mixture is left ovenught m 
the ice-chest, the precipitate centnfuged off and 200 c c of clear greenish 
solution collected which has 3 8 mg dry weight per c c contams 0 076 % Cu 

The fluid mixed with the first lot of 16 c c alumma Cy, is centnfuged and 
the greenish grey cake rejected The clear fluid is now mixed with the 
second lot of 30 c c alumma Cy, centnfuged, the greenish blue cake col¬ 
lected, eluted with alkaline phosphate and dialysed 40 c c of flmd thus 
obtamed has 6 mg dry weight per c c and contains 0 1 % Cu The adsorp¬ 
tion on alumina Cy is repeated once more, the phosphate eluate dialysed, 
and the fluid treated with one volume of acetone The precipitate is dis¬ 
solved m water, the insoluble residue centnfuged off, the clear solution 
mixed with 2 vol of alcohol to give 30 mg of distmctly blue precipitate 

• For the supply of human blood we are very grateful to Professor J Ryle and his 
staff 



Haemocupre%n and hepaiocupre%n 


309 


containing 0 26% Cu This preparation may therefore be considered as 
76% pure On redissolving this precipitate m water and treatmg it with 
alcohol, a mixture of amorphous material and crystals is obtained 

Hepatocupbein the copper-protein compound of liver 

It IS well known that the largest concentration of copper m mammals is 
found m the hver, especially m the liver of young animals While the amount 
of copper per kg of fresh weight in the whole blood is from 2 to 4 6 mg , in 
skeletal muscle it is about 1 2 mg , m ox hver it reaches 21 6 mg , and in 
calf hver it may be os high as 44 1 mg (Lmdow, Elvehjem and Peterson 
1929 ) 

It was shown by Gruzewska and Roussel ( 1937 ) that mmced calf liver 
contains the same amount of copjier before and after dialysis In other 
words, the copper present in liver is combined with an orgamc non- 
dialysable compound such as a protein By a fractional precipitation of 
liver extracts they obtained preparations contaimng 0 166% Cu (lamb 
hver) and 0 21 % Cu (calf hver) 

We have been able to confirm the mam results obtained by these workers 

By applying to liver a method of punfication very similar to that which 
we have used for the red blood corpuscles of ox, we have been able to isolate 
from it a copper-protein compound containing 0 34 % Cu Although this 
compoimd has the same copper content as the crystalline haemocuprem, it 
does not crystallize when submitted to the treatment which mduces the 
crystallization of haemocuprem As it differs also from the latter m being 
almost colourless, we propose to refer to it at least temporarily under the 
name of h^patocuprein 

Isolation of hepatocupbein ibom ox liver 
( 1 ) Extraction with luater 

1760 g minced ox liver is mixed with 1760 e c water and left standmg 
overnight in the ice-chest The mixture, after pressing out, gives 1660 c c of 
brownish red extract which contains 162 mg dry weight per c c and 
0 0197%Cu 

( 2 ) Extraction imth alcohol and chloroform 

1600 c c of this extract is mixed with 1460 c.c of cold 90% alcohol and 
160 0 c chloroform, the mixture stirred 10 min and centnfuged 2600 0 0 
of yellow opalescent flmd (B) thus obtamed has 19 mg dry weight per c c 
and 0 031 % Cu 



310 


T Mann and B. Keilin 


(3) Prectpttaiton to%ih Uad acetate 

The cooled alcohol-chloroform extract is treated with saturated lead 
acetate until no further precipitate is obtamed by this reagent The 
precipitate is centrifuged off, eluted with alkaline phosphate and dialysed, 
giving 800 c c of brownish solution (C) containmg 1 46 mg dry weight 
per 0 c and 0 137 % Cu 

(4) Punjkatvon with tncalcium phosphate 

Solution C IS mixed with 2 g tncalcium phosphate gel, adjusted to 
jjH 6 7 and the gel filtered off, giving 800 o c of clear solution (D) 

(6) Precipitation with acetone 

Solution D 18 mixed with 1400 c c cold acetone, 1 c c Mj\ acetate buffer 
pH 6 and 0 6 c c 60% CaCl, After 10 min standmg the precipitate is 
centrifuged off, dissolved in 170 c c water, neutralized, the insoluble 
residue rejected, leavmg 170 c c of clear slightly greenish solution (E) 
containmg 2 mg dry weight per c c and 0 24% Cu 

(6) Fractional adsorption on alumina Cy 

Solution E (160 c c ), adjusted to pH 6 7, is treated with three successive 
lots of 10, 20 and 20 c c of alumina Cy, the cakes of gel bemg centrifuged 
off after each treatment and eluted separately with alkalme phosphate The 
eluates, dialysed against distilled water, gave the following three solutions 

Solution F 36 c c opalescent, shghtly yellow, contaming 5 6 mg dry 
weight per c c and 0 06% Cu 

Solution Fi 27 c c turbid fluid, containing 6 1 mg dry weight per c c 
and 0 16% Cu 

Solution 0 23 c c clear slightly bluish fluid, containing 2 4 mg dry 
weight per c c and 0 25 % Cu 

(7) Precipitation with acetone 

20 c c of solution G is precipitated with 2 vol of acetone at pH 6 6, the 
precipitate dissolved m 10 c c glass distilled water, the undissolved residue 
oentnfuged off, leaving a clear solution contaming 0 34% Cu 

The copper content did not change after two successive reprecipitations 
with alcohol 

1 mg of this hepatocuprem dissolved mice water shows hardly any 
oolour, while the same concentration of haemocuprem is ()istmctly bluish 





PbO^BTIJBS of HABMOC UF B Bi y AND HKPATOOtnPIlEm 

Having desonbed the methods of isolation and punfioation of haemo' 
ouprem and of hepatoouprem we shall now summarize their general and 
distmctive properties The mere fact that very similar if not identical 
methods can be apphed for the isolation of these compounds, mdependently 
of their origin, already mdicates a great similarity m the properties of their 
protein Moreover, the solubility of these compounds and their behaviour 
towards different reagents, suggest that they belong to the class of albumins 

The copper content of these compounds is 0 34 %, and this applies to the 
crystallme haemocuprem as well as to the highly purified hepatocuprem 

The copper is, however, only loosely bound to the protem and can easily 
be separated from it by means of a mild reagent such as a dilute solution of 
trichloroacetic acid 

For instance, 6 mg of haemocuprem containmg 0 017 mg Cu, dissolved 
in 2 c c water gives a distmctly blue solution The addition of 0 6 o o 20 % 
tnchloroacetic acid to this solution produces a white precipitate of protem 
which IS centnfuged off and washed with dilute tnchloroacetic acid This 
precipitate is found to be completely devoid of copper while the colourless 
protem-free supernatant flmd mixed with the washmg of the precipitate 
contains 0 017 mg of morgamc copper 

Fresh preparations of heiemo- and hepatoouprem do not contam free 
morgamc copper In fact, the addition of diethyl-dithio-oarbamate to such 
preparation does not reveal even a trace of copper Only m solutions kept 
for a long time or damaged m any way does the copper begm to appear m a 
free state 

One of the distmctive properties of haemocuprem is its blue colour which 
18 much stronger than that of an eqmvalent amount of a copper salt m 
alkalme solution In other words, the depth of its colour can hardly be 
accounted for by its copper content even if it would be present m a com¬ 
pletely ionized state 

The colour of haemocuprem disappears, however, when its protem is 
denatured and copper is hberated It also disappears almost completely 
when the compound is treated with Na,S,0« which reduces the copper 
This reduction appears to be irreversible as the colour does not reappear 
when the reduced solution is shaken with air, or is treated with a dilute 
solution of hydrogen peroxide 

Hepatoouprem, which shares several properties m common with haemo- 
ouprem, differs however from the latter by being almost colourless. This 
diasimilanty may be due either to some differences m the structure of the 
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proteuifi or to the difference in the valency of the copper We cannot dismiae, 
however, the possibility that m nature these two copper-protein compounds 
may be mtimately connected, or even mterconvertible 


Distribution op ooppER-PKOTErN compounds 

It 18 conceivable that m all organisms the copper is present as a com¬ 
pound with an organic molecule, mamly the proteins In fact, there is no 
evidence that inorganic or free copper is ever present in measurable amounts 
m animals It is, however, difficult to determine what portion of the 
total copper-protein compound present m an organism can be assigned to 
haemo- or hepatocujirein That in blootl the whole copper is present as 
haemocuprem seems to be supported by the facts that it is not dialysable, 
that it can be completely extracted with alcohol-chloroform mixture, and 
that it can easily lie hberated liom its compound with protein by a dilute 
solution of trichloroacetic acid (Tompsett 1934 ) If we accept for the copper 
content of lilood the value of 2 mg /I, and as haemocuprem contains 
0 34% Cu, I 1 of blood must contain about 0 <5 g of haemocuprem which 
corresponds to only 0 43 % of the haemoglobm present m tlie same volume 
of blood 

It may be mentioned hero that copper has also been found m measurable 
amounts m the crystals of haemoglobm (Elvehjem, Steenbock and Hart 
1929 ), its concentration being between 0 019 and 0 034 mg per g of dry 
haemoglobin of horse Such a low value clearly shows that this copiier does 
not form a part of the haemoglobin molecule (Elvehjem and others) It is 
therefore conceivable that it belongs to haemocuprem which was partly 
adsorbed by the crystals of haemoglobin 

Whereas haemocuprem represents probably the total copfier found m 
blood (red blood corpuscles and serum), hepatocuprein corresponds to only 
a portion of copper present m liver cells, the remaining cop^ier bemg com- 
bmed with some other proteins 

Among other tissues of animals we have tested only heart muscle and 
found a small amount of a copper-protein compound which can be extracted 
with alcohol-i hloroform mixture The purification of this compound, which 
was not carried very far, gave however, a fraction contaming 0 06 % Cu 
As m the case of haemocuprem, the copper is easily liberated from this 
compound by treating it with a dilute solution of tnchloroacetic acid These 
few considerations suggest that we are dealmg here with a compound very 
similar to haemocuprem 

That copper is very widely if not umversally distnbuted m plants was 
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demonstrated by several workers To Lmdow, Elvehjem and Peterson 
(1929) we owe the numerical data of copper estimations m more than 
100 different plants used as food On the other hand, it was shown recently 
that at least one enzyme, widely distributed m plants, the polyphenol 
oxidase, is a copper-protein compound (Kubowitz 1937, Keilm and Mann 
1938) The study of this oxidase in mushrooms has revealed, however, 
that the copper of the oxidase represents hardly 2% of the non-dialysable 
copper present m mushrooms (Keibn and Mann 1938) It is therefore possible 
that at least a fraction of the remaining copper of plants may exist as a 
copper-protein compound similat to haemocuprein or hepatocuprein 


Biological significanc l of iialmo- and hkpatocijpbkin 

The few tests to which we have submitted these compounds in order to 
detect some possible biological reactions or catalytic properties have so far 
given only negative results 

We have found for mstance, that the purified preparations of haemo- and 
hepatocuprein do not combine loosely with oxygen as does haemocyamne 
They do not promote phosphorylation reactions and do not catalyse 
directly any one of the reactions catalysed by polyjihenol oxidase, cyto¬ 
chrome oxidase, peroxidase, catalase or carbonic anhydrase 

They may still catalyse a reaction which we have not yet tested, or may 
require for their catalytic activity some components which have been 
destroyed or left behind dunng the process of purification of these com¬ 
pounds 

Although these compounds do not exhibit any one of the above men¬ 
tioned catalytic projierties, they must nevertheless have some definite 
physiological sigmficance This is strongly supiiorted by numerous mvesti- 
gations which have revealed the importance of copper m the hfe of different 
organisms, apart from its role as a constituent of haemocyamne and of 
polyphenol oxidase 

By properly controlled feedmg exiionments of higher organisms and 
cultivation of micro-organisms the importance of copper was well demon¬ 
strated in the formation of haemoglobm, the growth of micro-organisms, 
plants and higher animals and the development of cytochrome, cytochrome 
oxidase and chlorophyll * 

It IS certam that some of the copper supphed to organisms with their 
food 18 utilized for building up haemo- or hepatocuprem The formation of 

• For the rich literature bearing on this subject the reader is referred to an excellent 
review by Elvehjem (193s) 
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these compounds may therefore represent one of the steps m copper meta- 
bohsm and may directly or mdirectly be responsible for some of the 
physiological effects which are rightly ascribed to copper 

Haemo- and hepatocuprem can be added now as two new biological 
organic copper compounds to the list of three other compoimds previously 
known Of these three compounds, haemocyamne and polyphenol oxidase 
are copper-protein compounds, while turacine is a copper uroporphynn 
compound 


Summary 

1 Haemocupretn is a blue copper-protein compound present in the red 
blood corpuscles and scrum of mammals 

2 A method for isolation of this compound in a pure crystallme state 
from the red blood corpuscles of ox is described 

3 A highly purified and partly crystalline haemocuprein may also be 
obtained from the red blood corpuscles of sheep and horse and the blood- 
serum of horse 

4 Pure haemocuprein contains 14 36% N, 1 12 % S and 0 34% Cu 

6 An almost colourless copper-protein compound, hepaiocvpretn, con¬ 
taining 0 34 % Cu can be isolated from ox liver 

6 Haemo- and hepatocuprem have several properties m common Both 
have the same copi>er content, can be extracted from the crude material 
with the same alcohol-chloroform mixture and purified by the same 
method In both compounds the copper is only loosely combined with the 
protem and is easily liberated by dilute trichloroacetic acid 

7 They do not combine with molecular oxygen and do not exhibit any 
of the catalytic properties of enzymes such as peroxidase, catalase, poly¬ 
phenol and cytochrome oxidase or carbonic anhydrase 

8 The possible biological significance of haemo- and hepatocuprem is 
discussed m relation to the known effects of copper on blood formation, 
growth and metabolism of organisms 
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[Plates 12-14] 

InTBODPC’TION 

Although the normal embryology of mammalian teeth has been care¬ 
fully studied, httio is known of the developmental mechanics of teeth 
The present commuiucation is concerned with the problem of cusp 
formation The mam object of the investigation was to hnd how far the 
formation of molar cusps was due to extnnsio factors in the jaw and how 
far to mtnnsic factors m the tooth germ itself Previous work (Glasstone 
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1936 ) had shown that embryonic teeth grown %n mtro and removed 
from the general influence of the body contmue to develop In these 
earlier expenments the rudiments were explanted when cusps had already 
appeared but before odontoblasts and dentme had differentiated In the 
present experiments the tooth germs were explanted at an earlier stage 
before the cusps had begun to form, to see whether cusps would develop 
tn mtro m the isolated rudiment and if so whether they would correspond 
in number, shape and arrangement with those of the normal embryonic 
tooth 

The most convement matenal for these expenments was the first lower 
permanent molar of erabryomc rats and the two lower temporary molars 
in erabryomc rabbits To provide a standard of comparison for the ex- 
penmental results, it was necessary to make a detailed histological and 
anatomical study of the normal embryology of these teeth m the rat and 
rabbit, smoe there is no complete account of the embryomc development 
of the teeth in these two forma 

The first part of this communication therefore deals with the normal 
development of the first lower molar m the rat and the two lower tern- 
jiorary molars in the rabbit from the first appearance of the dental lamina 
to the end of cusp formation The development tn vitro of these molars 
from both animals is then described and cusp formation m the normal jaw 
and in the explanted rudiments are compared 

Although there is a fairly large literature on the morphology of the post- 
embryorac teeth in rodents, there are comparatively few papers on the 
embryonic development of the teeth m this group 

Mahn ( 1890 ) descnbes the later stages of molar development in the 
mouse and is mainly concerned with the evolution of teeth of persistent 
growth 

Tims ( 1901 ) gives a detailed account of the anatomical development of 
teeth of the embryonic guinea-jug and showed that molar (cheek) teeth of 
the Rodentia are multituborculate m origin and not tntuberculate 

Fnant ( 1933 ) describes very bnefly the gross anatomy of the temporary 
molars m the new-born rabbit 

Hannan and Smith ( 1936 ) give a detailed histological descnption of 
tooth development in the guinea-pig, with the object of studymg the 
effects of diet on these teeth 
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Part I NoRMAii dbvblopmbnt 
Material and methods 

Forty rata ranging in age from the 13th day of gestation to the 2nd 
day after buth and thirty-mne rabbits from the 16th to the 26th day of 
foetal hfe were used The degree of development vanes m different htters 
of the same age and in members of the same litter, so that m the foliowmg 
descnption the days given for various stages of development are approxi¬ 
mate only 

The entire jaw W£is fixed in 3 % acetic Zenker’s solution, washed, dehy¬ 
drated, cleared in methyl benzoate and embedded in paraffin or celloidm 
The jaw of the 26-day foetal rabbit was decalcified m 6 % mtnc acid after 
fixation Senal sections were cut and were stained with iron haematoxyUn 
and ohromotrop, with the exception of one senes of the jaw of a 2-day rat 
which was stamed with azan 

Wax reconstructions were made of hve dentine papillae of rats from the 
17th day of foetal life to the 2nd day after birth and of five dentine papillae 
of rabbit embryos from the 20th to the 2Cth day of foetal life The recon¬ 
structions were made as follows 

Senal sections of the tooth germs wore cut at a thickness of 6/i and a 
projection drawing of such sections was made on unwaxed blotting paper 
The blottmg paper was 483;^ in thickness when waxed so the sections were 
projected at a magmfacation = 80 6 diameters After the outlmes had 
been drawn, the areas of dentine were coloured red with saframn and those 
of the enamel were stained with light green The blotting paper was then 
soaked in molten paraffin wax, the outhnes were cut out and the plates 
were stuck together in serial order 

The development of the first permanent lower molai of the rat 

The following terms are used in describing the orientation of the teeth 
antenor, proximal, posterior, distal, towards the cheek, buccal, towards 
the tongue, lingual 

The first signs of tooth development appear at about the 13th day of 
foetal hfe as a local thickening m the epithehum of the mouth, this 
thickemng forms a narrow continuous baml in the molar region only 
(fig 10, Plate 12) 

About 24 hours later the thickenetl epithelium has penetrated mto the 
underlymg tissue to form the general dental lamma In transverse (coronal) 
section it can be seen that this lamina consists of two layers of cubical 
epithehum mcludmg between them a dense mass of irregularly arranged 
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flattened epithelial cells At the buccal side of the inner growing end of the 
lamina there is a bud-shaped thiokemng which represents the first appear¬ 
ance of the tooth germ (fig 11, Plate 12) 

By the 16th day the small, bud-shaped tooth germ of the previous stage 
has enlarged very greatly m relation to the rest of the lamma It has 
become wider and deeper and is now shaped somethmg like an mverted 
saucer (fig 12, Plate 12) The two layers of cubical cells are much more 
distmct, the superficial layer now being recognizable as the external 
enamel epithelium and the lower layer as the internal enamel epithelium 
The cells between the two layers, which constitute the future enamel pulp, 
are much compressed The concavity of the internal enamel epithelium is 
filled with a mesodermal condensation which represents the early dentme 
papilla 

As the tooth enlarges, the space between the internal and external 
enamel epitholia, containing the flattened epithelial cells, widens (fig 13, 
Plate 12) 

At the margin of the future enamel pulp, these flattened cells are bemg 
replaced by a loose network of cells and hbres, the stellate reticulum or 
enamel pulp A layer of flattened cells, the stratum mtermedium, separates 
the enamel pulp from the external enamel opithehum The two enamel 
epitheha are connected in the centre of the tooth by a cone-shaiied con¬ 
densation of flattened epithelial cells, the enamel cord 

By the 17th day of gestation, the lower molar appears as an elliptical 
body which as yot shows no trace of cusps and is still (onnected with the 
dental lamina (fig 1) The flattened cells of the enamel pulp have now been 
replaced by stellate reticulum, except in the region of the enamel cord 



Fio 1 Drawing of a wax reconstruction of the dentine papilla of a molar 
tooth germ from a 17 day rat foetus Cusps have not yet appeared 

Cusps begm to appear at about the 18th day as a slight dipping of the 
internal enamel opithehum uito the dentme papilla Forth-oight hours 
later, two lusps, the disto-lmgiial and middle lingual liave become dis¬ 
tinct (fig 2) The tooth is extending in both the buccal and proximal 
(anterior) directions and the first signs of three more cusps are distmguish- 
able, VIZ the disto-buccal and middle buccal, whuh are parallel with the 
disto-hngual and middle hngual respectively, and the proximo-hngual 
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cusp, which 18 slightly more advanced than the buccal cusps The middle 
hngual cusp almost touches the external enamel epithelium, elsewhere 
the enamel pulp has enlarged and the enamel cord has disappeared As 
the three hngual cusps grow dee]ior they begin to slope in a proximal 
direction At about the 2l8t day, a sixth cusp, the third buccal, begins to 
form adjacent to the proximo-lingual cusp Blood vessels now penetrate 
the external enamel epithelium, the cells of which are losing their cuboidal 
Bhajie and becommg flattened and enter the stellate reticulum At the 
tips of some of the cusps the odontoblasts are beginnmg to differentiate 
beneath the internal enamel epithelium 


pic m,lc die 
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Fig 2 Drawing of a wax roconstruction of the dentine papilla of a molar tooth gonn 
from a 20 day rat foetus (buccal view) Noto the presence of the dmto Imgual and 
middle lingual cusps, and the first signs of the proximo lingual, the disto buccal and 
the middle buccal cusiis dbc disto buccal cusp, die disto lingual cusp, mtbc 
middle buccal cusp , mile middle lingual cusp , p Ir proximo hngual cusp 
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Fia 3 Drawing of a wax reconstiuctum of the dentine papilla of a molar tooth germ 
of a newly bom rat (buccal view) The thrra lingual cus})s are now well developed 
and the throe parallel buccal cusps are prt'sent db r disto buccal cusp, die disto 
Imgual ousp , mi b r middle buccal cusp ,mili middle Imgual cusp ,p be proximo 
buccal cusp, pic proximo Imgual cusp 

At birth SIX cusijs are present three largo hngual and three small buccal 
cusps (fig 3) The fissures between the cusps are much deeper in the hnguo- 
buccal than m the proximo-distal direction and so divides the cusps into 
three groups, each group having a hngual and buccal cusp The apices of 
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all the lingual cusps are m contact with the external enamel epithehum 
which 18 begmmng to degenerate Blood vessels are penetrating deeper 
into the stellate reticulum The cells of the mtemal enamel epithehum have 
begun to differentiate mto true ameloblasts They have become more 
columnar and their nuclei, which he in the outer parts of the cells, are 
more oval 

Twenty-four hours after birth, the buccal cusps have grown nearly as 
large as the hngual Two, very small additional cusps have appeared, 
one immediately behind the two distal cusps and the other buccal to the 
disto-buccal cusp The external enamel epithelium has now completely 
degenerated The ameloblasts are still more columnar and the first traces 
of enamel formation are visible A continuous layer of dentme covers 
most of the tooth 

die mile 


dbc 

dac 

bac 


mi bo 

Fio 4 Drawing of a wax roconstniction of the dontme papilla of a moleuf tooth genn 
of a 2 day old rat (buccal view) The buccal cusps have grown nearly as largo as the 
hngual cusps and they arc nil now oono shaped Note the presence of the two addi 
tional cusps, one immediately behind the two distal cusps and the other buccEd to 
the disto buccal cusp h nc buccal additional cusp , dac distal additional cusp, 
dbc disto buccal cusp, die disto lingual cusp, mxbe middle buccal cusp, mi I c 
middle lingual cusp, p b c proximo buccal cusp, p I c proxuno Imgual cusp 

By the 2nd day after buth, the tooth has attained its final shape The 
cone-shaped cusps are covered by a considerable layer of dentine and m 
some places by a layer of enamel (fig 4) 

The development of the temporary molars in the rabbit 
In the foetal rabbit the first thickemng of the mouth epithelium appears 
at about the 15th day The subsequent early development is essentially the 
same as in the rat The dental lamma m the molar region has penetrated 
mto the mandible and the tooth germs are formed at the inner grovTng 
end m the manner desenbed above 
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By the 17th day the enamel organ has become bell-shaped and the under¬ 
lying medoserm has begun to form the dentme papilla Twenty-four hours 
later the tooth is sphencal and the stellate reticulum is differentiatmg at 
the margins of the enamel pulp and a comcal enamel cord connects the 
two layers of the enamel epithelium in the middle of the tooth 

In the 20-day foetus the stellate reticulum has differentiated almost 
throughout the enamel pulp and the enamel cord is being replaced by 
stellate cells The cells of the external enamel epithelium are beginning to 
flatten whilst those of the internal enamel epithelium are still cubical 
(fig 6 and fig 16, Plate 11) 


Fio 6 Drawing of a wax rHConatruttion of the ilentine papilla of a molar tooth germ 

from a 20 day footal rabbit (buwal view) The cuapH have not vet appeared 

The cusps begin to appear at about the 2l8t day In the distal third of 
the tooth the enamel epithelium dips downwards dividing the superficial 
part of the tooth mto a distal mass, the rudiment of the single distal cusp, 
and a larger, proximal mass whu h is the rudiment of the proximal group 
of cusps 

Growth proceeds actively in the proximo distal and bucco lingual direc¬ 
tions and less vigorously m a vertical direction The distal cusp sloiios back¬ 
wards shghtly, by the 22nd day it is seyiaratcd from the proximal group by 
two obhque fissures, one from the bin cal and one from the Imgiial side, 
which meet m the mid-lme (fig 6) There is a shallow depression m the 
middle of the distal cusp suggesting a subdivision into two smaller cusps 
The proximal group consists of three parts there is a large central jiortion, 
in which the enamel epithelium dips down as if about to form three lesser 
cusps, on the buccal side of this mass there is a single (usp and on the 
lingual Bide are a pair of cusps The enamel cord has disappeared and 
odontoblasts are present in the tips of the cusps Dentine begins to form 
about 24 hours later 

The cusps continue to elongate and in a 24-day foetus are m contact 
with the external enamel e}>ithelium, also the ameloblasts are more 
columnar 

By the- 26th day, anatomical development is almost completed (fig 7) 
The tooth has enlarged considerably but most of the growth has taken 
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place in a vertical direction The two oblique distal fissures now form a 
single, straight fissure running in a bucco-lmgual direction The distal 
cusp 18 no longer oblique but has become vertical, and at the same time has 



Pic 6 a Drawing of a wax rocoiwtruotion of the J<<ntine papilla of a molar tooth 
germ from a 22 day rabbit fcwtus (buooal viow) showing the large single distal cusp, 
the central cusp of tho proximal group and the single buccal cusp 

h Same as a showing the lingual side Noto the two lingual cusps of the large 
proximal group 5 r buccal cusp, c c central cusp, d c distal cusp, I c Imgual cusp 



Pio 7 a Drawing of a wax reconstruction of the dcntme papilla of a molar tooth 
germ of a 26 day rabbit foetus (buccal view) The cusps are now more vortical and 
the distal fissure is much deeper 

6 Same as a, showing tho lingual side be buccal cusp, < < central cusp, dc 
distal cusp, I c lingual cusp 

lost the faint traces of two secondary cusps seen at an earher stage The 
proximal group of cusps is now vertical and in the central cusp the slight 
indication of three secondary cusps has disappeared The external enamel 
epithehum has begun to degenerate and connexion with the dental larnma 
has been lost The stellate reticulum is also degeneratmg, necrosis beginning 
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at the outer surface and spreading inwards Numerous blood vessels 
ooour near the degenerate area The first temporary molar is a httle smaller 
than the second and the number and general arrangement of the cusps is 
essentially the same m both, but m the first molar the proximal group of 
cusps 18 a httle more elongated in a proximo-distal direction 

A comparison of molar development in the rat and in the rabbit 
Although a descnption is given of teeth of different senes, that is the 
permanent molar of the rat and the temporary molar of the rabbit, a 
companson of their early development is of mterest as there are some 
slight histological difierences 

In the rat the tooth germ is elhptical, but in the rabbit it has the usual 
bell-shape The enamel cord is better defined m the rat and persists for a 
day after cusp-formation has begun, whilst in the rabbit it degenerates 
when the cusps first apjxjar In the rat the cells of the external enamel 
epithelium remain cuboidal until they begui to degenerate, but in the 
rabbit they lose their cubical form before the tusps appear According to 
Addison and Appleton ( 1922 ) blood vessels penetrate the enamel organ of 
the rat at about the 2 l 8 t day of gestation, two days before enamel develops 
In the rabbit, on the other hand the present writer has found that blood 
vessels do not penetrate the enamel organ at any stage in the development 
of the tooth, although numerous blood vessels are present near the degen 
eratmg stellate reticulum at the time of enamel formation 


Part II Development /a vitho 
Material and methods 

The explants were all obtained from foetuses, as it was found impossible 
to remove developing teeth aseptic ally from animals after birth 
The first lower permanent molar of the rat and the first and second 
temporary lower molars of the rabbit were cultivated Since cusp formation 
in these teeth begms at the 18th day of foetal life m the rat and at the 2l8t 
day m the rabbit, 17-day rat embryos and 20-day rabbit embryos were 
used It 18 more difficult to remove the tooth germs from the foetal jaw in 
the rat than in the rabbit, as the rat molar rudiment is smaller and less 
distinct than that of the rabbit and less readily freed from the mouth 
epithehum and surroundmg tissue Consequently some of the rat molars 
were greatly damaged by the dissection and degenerated after a few days 
in vitro whilst others developed rather abnormally 
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To determine the stage of development of each rudiment when first 
explanted, one tooth was removed for cultivation, and the corresponding 
tooth from the opposite ramus was fixed either tn sthi or after dissection, 
and sectioned to serve as a control 

The tooth germs were grown by the hanging drop method on IJ m 
square cover-slips and were explanted with either the buccal or the hngual 
surface against the glass The culture medium consisted of three drops of 
fowl plasma and one drop of extract of an 11 -day fowl embryo the extract 
was made with Pannett and Compton’s saline containing 1 % glucose 
The cultures were incubated at 37° Tt was found that if the explants were 
transferred to fresh medium every 72 hours they contracted considerably 
and much better results were obtained by leaving them undisturbed for 
4-6 days 

Sixty-nine tooth germs were fixed after intervals of 1-9 days’ cultivation 
and exammed histologically They were removed from the clot and im¬ 
mersed in 3 % acetic Zenker’s solution for 30 mm , then washed, dehydrated, 
cleared in methyl benzoate and embedded m paraffin wax The controls 
were similarly treated All sections were stained with iron-haematoxylm 
and chromotrop 

Wax reconstructions of 14 explants were made after 4, 8 and 9 days’ 
cultivation 

The development m vitro of the first lower molar tn the rat 

The explants consisted of the small, elliptical tooth germ which had been 
removed from the dental lamina (fig 1) 

The tooth germ underwent a surprismgly normal histological and 
anatomical development during cultivation tn vitro Durmg the first 2 days 
in culture, the tissue was too opaque for detailed observation to be made 
on the livmg material, but after 24 hours it was just possible to distmguish 
the internal enamel epithelium growing downwards about half-way along 
the dentine papilla to form the first two cusps, viz the middle and disto 
lingual By the end of the 2nd day these cusps were qmte well developed 
Tn sections many mitotic figures were seen m both the external and internal 
enamel epithelium they were more numerous in the internal enamel 
epithelium which was growing rapidly to form the cusps There was no 
indication that the cells of the enamel organ or the dentme papilla were 
dividing more actively in any particular region of the tooth, eg m the 
tips of the cusps 

By the 4th day the rudiments had enlarged horizontally m what was 
anatomically the proxunal direction, to form the third or proximo-lmgual 
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cuBp If the enamel organ had been damaged by disseotion, development 
was sometimes retarded so that only two cusps had appeared at this stage 
or the surface of the cusps were shghtly convoluted m an abnormal way 
During the next 24 hours the fissures between the Imgual cusps qmokly 
deepened, owing to the simultaneous downward growth of the mtemal 
enamel epithelium and upward growth of the dentine papilla At the same 
time the basal region grew out to form the first rudiment of the buccal 
cusps 

After 6 days’ growth the fissures between the lingual cusps were so deep 
that they almost cut the tooth into three The proximal, middle and distal 
buccal cusps had now developed in hue with the three corresponding lingual 
cusps thus formmg three parallel sets of cusps (fig 8) Two smaller cusps 
had also appeared, one behind the distal cusps, and the other between the 
middle and distal buccal cusps, but nearer to the median line than m the 
normal As in the normal, all the cusps sloped in a proximal direction 
At this stage mitosis was more abundant in the tips of the cusps than in the 
base of the tooth owing to the fact that the cusps were growmg m all 
three directions, while the basal part of the tooth was only growing m 
length and width but not m height Odontoblasts were beginning to form 

die mile 
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dbc mi be 

Fio 8 Drawing of a wax reconstnictioa of a 8 day culture of a rat tooth germ 
(buccal view) hac buccal additional ouap, dar distal additional cusp, dbc 
disto buccal cusp, die disto lingual cusp, mt b c middle buccal cusp, wt I c middle 
Imgual cusp, pbc proximo buccal cusp, pic proxuno Imgual cusp 

Development reached its maximum after 6 days in mtro and proceeded 
no further during subsequent cultivation (fig 14, Plate 13) 

As compared with the normal, histological development was consider¬ 
ably retarded in vitro Thus, after 6 days’ cultivation, odontoblasts had 
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only began to form, wfaMOM in ^ nontu^ footlh of 0)t, 

1 e 2 days after birth, odontoblaete, dentine and enamel were pceeent 
A oompaneon of the groea anatomioal structure of the normal «md ex- 
planted molars showed a remarkable correspondence The number, shliJSe 
and arrangement of the cusps were almost identical m both and develop¬ 
ment tn ntro was only retarded by about 24 hours so that a 6-day culture 
wps comparable with the tooth of a day-old rat 
Dunng cultivation the teeth enlarged to about three times their ongmal 
size This final size was less than half that of the normal tooth of the same 
age 


Development in vitro of the temporary mdara of the ralblnt 
As m the rat cultures the ongmal explant consisted of the oval tooth 
germs isolated from the dental lamma (fig 6 and fig 16, Plate 13) Dunng 
the 1st day’s cultivation, the epithehum m the distal third of the tooth 
penetrated mto the dentme papilla and formed a fissure dividing the tooth 
mto a proximal part comprising about two-thirds of the tooth, and a 
distal part 

By the 3rd day the rudiment had extended laterally and the ongmal 
distal fissure formed two obhque prolongations, one running m a proxuno- 
Imgual and the other m a proximo-buccal direction The distal cups which 
sloped towards the distal end of the tooth displayed a shght central depres¬ 
sion as if two secondary cusps were about to form In the large, proximal 
part several cusps had begun to develop a central cusp, two very early 
Imgusd cusps and a single buccal cusp Odontoblasts were differentiating 
In the 4-day cultures the proximal group of cusps vaned somewhat m 
different explante In some the pattern of the cusps was of the normal type 
as in the 3-day cultures, but m others an extra cusp had appeared proximal 
to the central one By this stage the cells of the mtemal enamel epithelium 
had begun to differentiate mto functional ameloblasts A thm layer of 
dentine had now been deposited at the tip of the central cusp 
The tooth germs reached their maximum development by the 6th day 
The fissures between the cusps were much deeper and more upright and the 
distal fissure had lost its previous obhquity and now ran straight across 
the tooth (fig 16, Plate 13) Sometimes the central cusp had become sub¬ 
divided into two or three smaller cusps (fig 96 and fig 17, Plato 14) 
The two lmgu6d and one buccal cusps were much better developed and m 
cultures containing the extra, proximal cusp the fissure between this and 
the cmitral cusps was much deeper (fig 17, Plate 14) A thin layer of 
dentine had been deposited on the tips of all the cusps and some of the 
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odto|iotdM» irm degenerate Most of the dentue luvd normal talrakr 
atmietaxe Iraiacane waa amoridious In placee the ameloblaata had formed 
enamd in which tiie oharaotenstic pnsma could be distinguiahed (% 18, 
Plate 14) 

As m explants of the rat molars mitosis occurred throughout the culture 
period but m the early stages of growth it was not more abundant m any 
partioular region In the latter part of the culture penod when growth was 
largely restnoted to the cusps mitosis became more active m this part of 
the tooth than towards the base 
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Fig 9 a Drawing of a wax reconstruction of the dentine papilla of a 6 day culture 
(lingual view) Note the single distal cusp and the two lingual ouspe formed During 
cultivation this culture formed a considerable amount of dentme 

6 Same as above showing the buccal side In this culture the central cusp haa 
subdivided b c buccal cusp c e central cusp d c distal cusp I o luigusJ ousp 

When the anatomical structure of the explanted and the normal rabbit 
molar are compared the general distribution and shape of the cusps are 
found to be very similar In both the tooth is subdivided by a deep fia&ure 
mto a smaller distal and a larger mesial portion and m both the proximal 
part consists of a central group of cusps two lingual cusps and a buccal 
cusp The explant diflFers from the normal in two chief respects (a) m the 
common occurrence of an additional cusp (fig 17 Plate 14) and (6) in a 
frequent subdivision of the central ousp mto two or three secondary cusps 
(fig 96 and fig 17 Plate 14) Most of the cultures formed extra cusps but 
a few were quite normal (fig 16 Plate 13) 

Discussion 

One of the most mterestmg and obscure problems m the development of 
molars IS the mechanism of cusp formation 
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The tissue culture expenments show that the development of the cusps 
18 a self-difFerentiatmg process Smoe the cusps which appear in v%tro are 
almost normal m shape, number and arrangement, it is clear that the 
factors responsible for their development are intrinsic in the tooth germs 
and entirely mdependent of external mechanical conditions m the jaw 

The nature of these intrinsic factors is not known It was thought at 
first that localized areas of mcreased mitotic activity in the enamel organ 
or m the dentme papilla might account for the enamel epithehum in- 
vaginating m certam definite regions to form the fissures No such areas 
of unusually active cell division could be found, however, in the normal 
or explanted rudiments As described above, when the cusps have already 
appeared and are growing rapidly mitosis is more abundant in the cusp 
region than m the base of the tooth, but the dividing colls are distributed 
throughout the cusps and are not more numerous in any special areas 

A curious feature of the rabbit explants is the formation of additional 
cusps durmg cultivation (fig 96 and fag 17, Plato 14) It is noteworthy 
that the distnbution of these extra cusps is remarkably constant in 
different cultures and that they only occur in the large central cusp of the 
proximal group In the normal 22-day foetus, as pi-eviously stated, this 
central cusp shows famt traces of secondary cusps which later disappear 
It IB probable, therefore, that the extra cusps which apjiear xn vxtro are 
only an exaggeration of the poorly develoiied transitory cusps which occujr 
in the normal tooth germ It is possible that this exaggeration may be 
due to the fact that the tooth germ is embedded in a seroi-solid medium 
which would tend to inhibit its lateral expansion As the rudiment is 
explanted with either its buccal or its lingual surface agamst the gl^ws, 
enlargement would be most restricted along the bmeo lingual axis, which 
would tend to cause the expanding epithelium to grow inwards m this 
direction It would not be very surprising if this ingrowth should occur 
where small indentations of the enamel epithelium already existed If the 
ingrowth bears no relation to pre-existing structures, it is difficult to under¬ 
stand why the form and arrangement of the extra cusps should show so 
httle variation m different cultures 

In the rat explants, extra cusps do not develop during cultivation This 
may be due to the fact that the fissures betweeA the cusps are normally 
very deep so that the epithelium is able to expand without disturbmg the 
normal morphology of the tooth 

Although anatomical development was more normal m the explanted 
molars of the rat than in those of the rabbit, histological development 
was more normal in the rabbit explants Thus m the rabbit molars the 
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formation of odontoblasts and dentine proceeded at almost the normal 
rate whilst m the rat molars both these processes were greatly retarded, 
enamel also differentiated m the rabbit but not in the rat explants Wliy 
the rat and rabbit molars should behave differently in vitro is not clear as 
precisely the same culture methods were used for both 

The author wishes to express her thanks to Dr H B Fell for her 
contmued help shown throughout the work, and for the drawmgs of the 
wax reconstructions Also to the Medical Research Council by whom the 
expenses of the mvestigations were defrayed, and to the Ella Sachs Plotz 
Foundation 

This work was earned out whilst receiving a personal grant from the 
Medical Research Council 


SUMMABY 

1 The normal development of the first lower molar of the rat has been 
desenbed from the 11th day of foetal life to the 2nd day after birth 

2 The normal development of the lower temporary molars of the rabbit 
has been deacnlied from the 15th to the 26th day of foetal life 

3 Molar tooth germs of the rat and rabbit when cultivated in vitro 
shoved remarkable powers of anatoinual and histological development 

4 The tooth germs were explanted before cusps hail appeared and 
dunng cultivation formed cusps which were almost normal m shape, 
number, and arrangement 

6 Odontoblasts and dentine differentiated in the cultures 

6 J.n the ex plants of rabbit tooth germs the internal enamel epithelium 
differentiated into ameloblasts which formed enamel 


AbBBXVIATIONS LI 

a ameloblasts 

6 t bud shaptsl thickening 

c c central cusp 

d dentine 

d c distal cusp 

d I dental lamina 

d p dentine papilla 

« enamel 

e c enamel cord 

see external enamel epithelium 


ON PLATtS 12-14 

f p e extra proximal cusp 
fer flattened epithelial cells 
t e e internal enamel epithelium 
m mitosis 

m c mesodennal condensation 
o odontoblasts 

p g c proximal group of cusps 
« r stellate reticulum 
tme thickened mouth epithelium 
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An analysis of the mechanism of oestrogenic activity 

By Gregory Pincus and Nicholas T Webthessen 
From the Biological Laboratories, Harvard University and 
the School of Agriculture, University of Cambridge 

{CommunicateA by F H A Marshall, FR S - -Received S June 1938) 

1nTBODU(''TION 

The senes of bnlliant investigations involving the chemical identification 
of naturally occurring oestrogeng ib now biochemual history But our 
knowledge of the mode of action of these compounds is fragmentary, we 
know pretty well what they do, but not how they do it The discovery 
that certain synthetic compounds dilFenng definitely in structure and 
chemical properties from the native hormones (Cook, Dodds, Hewitt and 
Lawson 1934 , 1936 , Dodds 1936 , Pincus and Werthessen 1936 , Robson 
and Schonberg 1937 , and others) seemed to afford an opportumty to 
obtam an insight mto the mechanism of oestrogenesis We were extremely 
fortunate in securmg the co operation of Dr Louis F Fiescr and his 
co-workers who generously made available to us a series of synthetic 
compounds havmg presumable oestrogemc potency We have employed 
these substances in a set of tests m which the native compounds show 
charactenstic activity, and, on the basis of the denved data, have attempted 
to set up some umfying hypothesis to account for the vaned types of 
behaviour of these compounds and the hormones in vivo 
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Methods of assay 

The conventional AUen-Doigy technique for the determination of the 
comparative oestrogemc activity of various materials has certam dis¬ 
advantages Smce it requires the subcutaneous mjection of the oestrogens, 
the rate at which these compounds are absorbeii may become a com¬ 
plicating factor Thus Deansley and Parkes ( 1933 ) found that oestnn in 
oily solution was retamed for a considerable length of time at the site of 
subcutaneous injection More recently (Deansley and Parkes 1937 ) they 
report that the marked difference in potency between oestrone and 
oestrone benroate disappears upon intravenous injection, and on the basis 
of this and similar observations made with testosterone and certain of its 
esters they conclude that the solubility of the hormones in body fluids is 
the prime determinant of their potency In studying the oestrogemc activity 
of various synthetic compounds (’ook, Dodds, Hewitt and Lawson ( 1934 ) 
were forced to modify the regular Allen-Doisy technujue m order to obtain 
evidences of the activity of certain of their compounds Finally, to make 
signihcant quantitative comparisons between various oestrogens large 
numbers of animals are required (cf Coward and Burn 1927 , and others), 
and when adequate data are accumulated we know merely that, judgmg 
by the nature of the vagmal smear at a guen number of hours after the 
first injection, compound A is moie or less active than compound B This 
m effect disregards possibihties of difference due to differences in the time 
course of their reactions which potent substances may very well exhibit 


Method of assa\ with ovariectomized mice 

Smce intravenous injection into mice is a labonous and time-consuming 
affair we have resorted to intraperitoneal injection to insure maximum 
hormone absorption Our technique with mice is as follows 

The material to bo injected is dissolved in olive oil in such concentration 
that the dose per mouse is contamed m 0 4 c c of solution The test 
sHiTnals are mjected in groups of five either at 14 days after ovanectomy 
or 14 days after pruning with not less than 0 1/tg nor more than 1 0/ig 
of oestrone * Only healthy mature ovariectomized mice are used Each 
ammal receives two injections of 0 2 c c of solution with a 12 hr mterval 
between injections Great care is taken to avoid using unhealthy animals 
or mice with regenerated ovaries Smears are taken with an ear curette and 

• We find no difference m residual effect of oestrone over this dosage range at 
14 days or later after mjeotion 
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read immediately without staining Prooestrous, oestrous, or metoestroua 
smear types are considered positive The first smear is taken at the time 
of the second injection and eight succeeding smears are taken at the rate 
of two per day with an mterval of not less than 8 hr nor more than hr 
between any two smears 


The standard curves 

In order to set up a standard of oestrogenesis our data have been 
analysed on the basis of the extent of vagmal cornification exhibited m a 
group of control mice receiving only olive oil and a senes of animals 
receiving various dosages of oestrone The data on these ammals are given 
in Table I It wiU be noted that although a smear is taken at the time of 
the second injection (i e 12 hr after the first mjection) the first recorded 
smear is that taken at 24 hr after the first mjection In fig 1 we plot the 
percentage of positive smears obtained at the eight recorded times of 
smoanng in the controls and in two groups of oestrone mjected ammals m 
order to illustrate the way in which the smears change with time It will 
be noted that m both controls and hormone-mjected animals there is an 
increase in positives with time Such a result of continuous smearing m 
ovanectomized animals has been described by Wade and Doisy ( 1935 ) 
and Hu and Frazier { 1935 ) The presence of positive smears m control 
animals need not prevent the establishment of oestrogenic activity m 
compounds injected into experimental animals provided that a sigmficant 
mcrease of cormhcation over the controls can be established 


Tablf I Showing the amount of oestrone administered intra- 

PERITONBALLY INTO MICE AND THE NUMBER OF POSITIVE SMEARS 
FOUND AT VARIOUS TIMES AFTER THE FIRST INJECTION 


Dosage m No of 
rmcrograins animals 
0 00 48 

0 06 10 

0 07 10 

0 10 15 

0 13 10 

0 17 10 

0 26 10 

0 35 10 

0 60 10 


24 36 48 60 

0 6 6 14 

1110 
2 3 3 4 

12 17 

116 7 

0 0 6 7 

1 6 9 10 

2 7 9 10 

3 6 10 10 


72 84 96 108 

14 II 14 19 

16 8 4 

4 4 8 6 

7 10 11 9 

6 8 8 7 

6 7 8 9 

9 10 9 8 

10 10 10 7 

10 10 10 9 



An analysts of the mechanism of oestrogenic activity 333 

Since one of our objectives is to obtain some mdication of the time 
course of action of presumable oestrogens we can divide our data mto any 
grouping which will afford a usable basis of comparison Accordmgly we 
have divided the data into two groups A = the hist four recorded smears 
(hours 24-60 inclusive), B = the second four (hours 72-108) The data so 



Flo 1 Abscissa time in hours after the 6rst injection of oostrone Ordinate 
percentage of positi\o smears 0=d«tit on controls, ®= combined data on mice 
receiving 0 06-0 13/ig , •= combined data on mice receiving 0 17-0 60jig (see 
Table I) 


Tabli, II Showing oestrone administered and tup peroentaoe 


OP POSITIVE SMEARS DURING THl 

A AND B PERIODS 

Dosage in 

A 

B 

micrograms 

% positive 

% positive 

000 

16 6 

30 2 

0 06 

7 6 

40 0 

0 07 

30 0 

62 6 

0 10 

18 3 

61 7 

0 13 

37 6 

72 6 

0 17 

32 6 

76 0 

0 26 

62 5 

90 0 

0 35 

70 0 

92 6 

0 60 

72 6 

97 6 


arranged are presented m Table II It should be noted that the control 
animals durmg the A penod exhibit a higher percentage of positive smears 
than the group receiving the lowest oestrone dosage We suggest that this 
may be due to a “residual” cornihcation m the unstimulated vagina of the 
controls which a low stiraulatmg level of hormone causes to disappear by 
mamtammg the vaginal epithelium m a pre-cormfied state not sufficiently 
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advanced to be called positive by our ontena In any event when we plot 
the percentage positive aigainst dosage for the A penod (fig 2) the lowest 
oestrone dosage value falls on the smooth curve drawn through the data 
In fig 2 we plot also the data for the B penod usmg log [moles x 10“**] 
oestrone as the abscissa, because we wish eventually to compare the 
oestrogemc activity of oestrone with other oestrogens on a molar basis 



Fig 2 Abscissa oestrone dosage in log [moles x 10-'*] Ordinate percentage 
of positive smears (see Table II and text) 

In order to determine whether a given compound has the same time 
course of action as oestrone the percentage positive read off on curve A 
should give the same oestrone molar value as the percentage positive read 
off on curve B Thus substance K (Table III) m 20/ig dosage gives 36% 
positive for the A period which is read off the smooth curve as equivalent 
to 48 8 X 10“** moles of oestrone, for the B period the percentage positive 
IS 60% equivalent to 36 6x 10“** moles of oestrone If the difference 
between 48 8 x 10 “ and 36 0x 10“*' moles is sigmficant then K m this 
case would be judged to show a time course of action unlike that of 
oestrone, if the difference is not sigmficant its time course of action is 
judged to be the same as oestrone A measure of the sigmficance of this 
difference is obviously obtainable from the scatter of the oestrone mjected 
groups of five about the curves For this purpose we have taken the 
fifteen groups of five animals injected wuth the vanous oestrone dosages 
and determmed for each group the deviations from curves A and B Then, 
if do, Ah are the differences (true dose) —(dose read from the curve), we 
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calculate the standard deviation of the difference between the readings 
from curves A and B by the formula 

EAl+EAl-2lA,A, 

=- 14 - 

We use this formula because A^ and A,^ are determined on the same ammals, 
and hence may be expected to be lorrelated In applying this standard 
deviation to substances other than oestrone we regard differences of less 
than 3(r as not established as signihcant For these data = 13 61 x 10““ 
moles Therefore, in the example cited, the difference in molar value for 
K on the A and B curves is 48 8 x 10 “ - 35 6 x 10““ =132x10 “ less than 
and not significant We deduce therefore that K has the same tune 
course of action as oestrone The value of is of course decreased if 
more than a smgle group of five animals is employed, it obviously becomes 
orj^N, where N = the number of groups of five test animals We express 
the potency of a given compound as a percentage of oestrone potency by 
averaging the A and B equivalents and taking this average as a percentage 
of the mjected molar dosage of the compounds * Thus compound K in 
20/<g dosage has an assay value in mole x 10““ of oestrone of 42 2, it was 

injected in a dosage of 6280 x 10 “ moles = 0 67 %, i e K has 0 67 % 
the activity of oestrone 

Smce the control ammals give a certain jierccntage positive for both 
the A and B penods (Table I) we have to determine the percentage positive 
which 18 significantly different from the controls in order to denommate 
a given substance as oestrogenic at all The task of determinmg this 
difterence is complicated by the fact that m a low dosage on the A curve 
oestrone gives a lower percentage positive than the controls If we take 
rune groups of five animals in the controls and determine the “equivalent” 
oestrone dosages for the A and B curves we get values for the A curve 
which are “too high” In determining the sigmficant level above these 
we acoordmgly are bound to set a level which is weighted against any 
weakly oestrogemc action Nevertheless we perform our calculations on 
this basis smce we desire to be as rigorous as possible Our procedure then 

* Of the soventoen groups of 6ve mice used m the oestrone injections the observed 
value of percentage positive for curves A and B combmed never departed from the 
expected value by more than 16 %, usually much less We cannot, however, decide 
the theoretical maximum possible error without a more elaborate statistical analysis 
tlian the data warrant For this reason the values of the last column of Table III 
must be taken as approximations, the degree of variability of which cannot be 
completely defined 



Tajbm III The data obtatned by assay of 
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Obtamed by dividing A of log mole equivalent for curves A and B bj standard error of computation s E =0 134 
’) Not signiflcantl;y different from controls (see text) 

The 10 and 25/tg doses were mjected shortlj after the preparation, the 15 and 30/ig doses later when the melting pomt had lowered 
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IS to read ofif the oestrone equivalents for the nine groups of five controls 
on curves A and JB and then to take the mean of these two values The 
mean of these means is 21 84 x 10-“ moles, its (r=4 66 x 10“^^ and we 
take 2 Sc as the significant value (this is approximately the value that 
would be required by Fisher’s I test) Thus any compoimd giving a mean 
oestrone molar value of 33 93 x 10-^^ or greater is considered oestrogemc, 
1 e it exhibits a percentage positive sigmficantly higher than the controls 


The test compounds 

In Table III we list the series of substances mjected intrapentoneally 
with the dosage injected, the equivalent oestrone values, and the activity 
of each expressed as a percentage of oestrone activity These compounds 
include (1) native oestrogens in the form of oestrone inonobenzoato (A), 
oestradiol (B), oestnol (C), (2) a variety of phenanthrene and hydro- 
phenanthrene derivatives (G to P and U to FI), (3) a set of diphenyl den- 
vatives (Q to T), and (4) three naphthalene denvatives (D to F) The 
structural formulae of these compounds and their code letters are listed in 
Table IV, and their names and molting points m Table V 

Defimte oestrogenic activity is shown m the dosages employed by 
certain of the substances in each of the three groups of synthetic compounds 
The compounds which we designate as mactive are divisible mto two 
groups (1) those givmg a sufficient percentage positive during the B penod 
to fall upon our standard curve (E, I, J, P, R) and (2) those which show 
a percentage positive during the B penod which is below the lowest point 
on the standard curve (X to FI) We have given oestrone equivalent values 
for the former group even though they do fall within the range of our 
control group It should be noted that these compounds mat/ be oestrogemc 
m higher dosage P, for example, is the diacetate of M, it was injected 
in 26/tg dosage m order to compare its activity with that of M on the one 
hand and 0 (the dibenzoate of M) on the other, 0 m 60/ig dosage is 
significantly oestrogemc by our criteria, and there is no reason to suppose 
that m mcreased dosage P would not be about as potent as 0, since the 
acetate of native hormones ordmanly is about as active as the benzoate 
Of the sjTithetic compounds showing definite activity we can state that 
their time course of action is never different from that of oestrone (see 
column 8 Table III) * This has some interesting imphcations that will be 

• The one compound, W, which gives an apparently significant value of (4 83) 

o'diff 

was tested on only four animals and cannot, therefore, be considered validly diifetent 



An analysts of the mechanism of oestrogenic activity 339 

considered m the discussion Further generalization is difficult We can 
discover no very clear association between structure and activity The 
presence of auxiliary hydroxy or niethoxy groups upon the Ist nng* of 
the phenanthrene nucleus seems to enhance the activity of the phenanthrene 
denvatives In fact, were it not for V we should be inclined to thmk that 
the presence of such an auxiliary group is necessary for activity, V has 
been found active by other workers (Cook, Dodds, Hewitt and Lawson 
1934 > ^Iso Butenandt 1936 ) Of course we could amend the rule to include 
any phenanthrene nucleus having either an auxiliary hydroxy or methoxy 
group on the lat rmg or a ketonic saturated ring, but the variety of 
phenanthrene derivatives tested is not sufficient to allow such statement 
It IS certain that the phenanthrene nucleus is not necessary for oestrogemc 
activity as the data on the naphthalene and diphenyl derivatives attest 
(cf Dodds 1936 , Robson and Schonberg 1937 ) Somewhat enhanced 
activity of the dicarboxyhc anhydrides is apparently attained by increasing 
the auxiliary hydroxy and methoxy groups (compare G and H, L, M 
and N) Benzoylation (0) or acetylation (P) of M does not enhance its 
activity The apparent decrease on a molar basis apjiears to lie due in part 
to the addition of the inactive benzoyl and acetyl groups and probably 
also to a slightly lower rate of absorption of these compounds 

Of the three forms of native oestrogens tested oestrone benzoate (A) 
shows no difference in time course of reaction from oestrone whereas 
increasing the dosage of oostradiol (B) and oestnol (C) results in an 
increasing divergence between their time course and that of oestrone such 
that obviously significant differences are attamed in the highest dosages 

employed (column 8 , Table III) For these dosages, where is 

greater than 3 0 , we therefore do not calculate activity m terms of oestrone 
In the low dosages where comparison is permissible no obvious difference 
exists between the extent of their activity and that of oestrone, this 
appears to be true also of oestrone benzoate It should be noted that 
wide differences in potency have been reported m assays conducted by 
subcutaneous mjoction 


SUBOUTAN&OUS INJECTIONS 

Five sets of mice were injected with oestrone subcutaneously m the 
dosages listed in Table VI In the four lower dosage groups there is no 
* We call the benzene nucleus correspondent to the unsaturated nng of oestrone 
the 1st rmg 
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Table IV 


Oeatrone 



% Activity = 109 2 % Activity = 102 6 % Activity a 96 5 



% Activity =0 42 


I 0 J 




% Activity = 0 16 


Activity =:0 25 


OC,H, 

% Activity = 0*77 
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Table IV (contmued) 



% Activity =0 29 % Activity = 1 72 % Activity =0 58 



% Activity =000 


% Activity =0 00 


% Activity =0-00 
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Tablb IV (continued) 



% Activity = 0 00 % Activity =0 00 % Activity = 0 00 



% Activity =0 00 



OCH, 

% Activity =0 00 % Activity =0 00 


A 

B 

C 

D 

E 

F 

U 

H 


K 

L 


O 

P 

Q 


Table V Names and melting points oi compounds described 
IN Tables III and IV 

Made by 
(initials) 

Oestrone benzoate 

Oestradiol 

Oestriol 

2, 6 Dihydroxynaphthalene L F F 

Ddiydroxypleiadono L F F 

2, 7 Dihydroxynaphthalono L F F 

6 Methoxy 1, 2, 3, 4 9, 10, 11, 12 ootahydrophenanthrono 11, 12 E BH 
dicarboxyho anhydride 

6 , 7 Dimethoxy 1, 2, 3, 4, 9, 10, 11, 12 octahydrophenanthreno 11, E B H 
12 dicarboxyho anhydride 

r, 3' Dikoto 1, 2 cyclopentenophenanthrone M P 240-5° (dec ) E B H 
Plienanthrone 3, 4 dicarboxyho anhydride M F 

6 Methoxy 9 ethoxy 1', 3' diketo 1, 2 cyclopentenophenanthrone E B H 
M P 207-8° corr 

6 Hydroxy 1, 2, 3, 4, 9, 10, 11, 12 octahydrophenanthrene 11, 12 E B H 
dicarboxyho anhydride 

6 , 7 Dihydroxy 1, 2, 3, 4, 9, 10, 11, 12 octahydrophenanthrene 11, E B H 
12 dicarboxyho anhydride M P 147 6-148 6° corr 
6 Methyl 7 hydroxy 1, 2, 3, 4, 9, 10, 11, 12 dicarboxyho anhydride E B H 
MP 134-6° 

Dibenzyl derivative of M M P 176-176 5° corr E B H 

Diacetyl derivative of M M P 161 6-162° corr E B H 

4, 4' Dihydroxydiphenyl—activity observed by Cook and Dodds L F F 
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Tablh V {continued) 

Made by 


(initials) 

R 4, 4'-I>ihydroxydiphenyl methane—activity observed by Cook L F F 
and Dodds 

S 4, 4'-Dihydroxy stilbene L F F 

T Di 2 naphthol methane L F F 

U 2 6 Diaoetoxy phenanthreno L F F 

V 1 Keto 1, 2, 3, 4 tetrahydrophenanthrono M P 05 5° Activity M F & 

first determined by Cook and others E B H 

W 2, 4 Diketo 6 methoxy 1, 2, 3, 4, 0, 10, 11, 12 octahydrophen WPG 
anthrene M P 160 5-161° 

X 3, 4 Dihydro 1 2 phenanthrahc anhydride M P 264-6° E B H 

Y 1, 2 Dihydro phenanthrene 3, 4 dioarboxylio anhydride MP 160° MF 

Z 1,2 Phenanthrahc anhydride M P 309-10° E B H 


A1 2, 3 Dimethyl 1, 4, 11, 12, 13, 14 hexahydrochrysene 13, 14 di EBH 
carboxylic anliydride M P 106-106 6° 

B1 1, 4, 9, 10, 11, 12 Hexahydro 2 3 diinethylphenanthrone 11, 12 EBH 
dicarboxyhc monomothyl ester M P 166-7° 

Cl 1, 4, 9, 10, 11, 12 Hexahydro 2 3 diniethylphenanthrene 11, 12 EBH 
dicarboxyhc M P 176-7° corr 

DI 1, 4, 9, 10, 11, 12 Hexahydro 2, 3 diinethylphenanthrene 11, 12 EBH 
dicarboxyhc anhydride M P 96-6° 

El 1, 4, 9, 10, 11, 12 Hexahydro 2, 3 dimethylphenanthrene 11, 12 EBH 
dicarboxyhc dimethyl ester M P 03 6-94° corr 
FI 9 Methoxyphenanthrene 1, 2 dicarboxyhc anliydride M P 241-2° EBH 
G1 Oestrone choleic acid—a molecular comjiound of oestrone and MSN 
choloic acid Its structure is unknown Determmations of the 
ratio of choleic acid to oestrone gave values ranging from 4 to 1 
to 7 to 1 Although the exact ratio of activity is not known, on 
a molecular basis the oestrone in this molecule must be at least 4 
and possibly 7 tunes os active as free oestrone 

The initials m this table refer to the following iiersons who prepared the compounds 
to which theu initials are subscribed 

L F F =Dr Louis F Fioser W P C =Dr W P CampbeU 

M F = Mrs Mary Fioser MSN = Dr Melvin 8 Newman 

E B H = Dr E B Hershberg 


Significant difference between the percentage positive in the A and B 
periods, only with the 1 0//g dosage the B |ienod exhibits a significantly 
higher percentage positive than the A period (;;^* = 6 14, P = 0 016) In this 
respect subcutaneous injections differ markedly from mtrapentoneal 
mjections of oestrone The increase m percentage jxisitive with a given 
mcrement of increase in hormone dosage is roughly one-third to one-half 
that obtained with mtrapentoneal mjection, furthermore with mtra¬ 
pentoneal mjection the effect increases logarithmically with dosage over 
a considerable range (see fig 2), whereas the subcutaneous mjection 
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produces an effect which is roughly directly proportional to the dosage 
over the range employed We note that the lowest subcutaneous dosage 
employed (0 02/ig ) gives sufficient positives for it to be considered sig' 
mficantly different from the controls • Furthermore, the lower dosages m 
subcutaneous mjection give higher percentages positive durmg the A 
period than corresponding mtraiientoneal dosages 


Table VI The percentage of positive smears during the A and 
B periods in mice receiving oestrone subcutaneously, five 

MICE IN BACH DOSAGE OROUP 


Dosage m 
micrograms 
0 02 
0 04 
0 086 
0 30 
1 00 


A 

% positive 
46 
36 
60 
66 
66 


B 

% positive 
40 
60 
66 
66 
90 


Table VII The results of the subcutaneous injection of three 

SYNTHETIC COMPOUNDS AND OP OESTRONE CHOLEIC ACID, FIVE MICE 
IN EACH DOSAGE OROUP 


Substance 

Dosage in 
micrograms 

A 

% 

positive 

B 

% 

positive 

Level of difference 
in time course from 
oestrone injected 
intraperitoneally 

K 

460 

16 

60 

0 22 

M 

700 

20 

30 

2 16 

M 

2000 

26 

60 

0 83 

M 

7000 

30 

36 

2 72 

V 

(3 mj ) 
7000 

10 

26 

1 38 

Oestrone choleic 

0 1 

10 

26 

1 38 

acid 

02 

26 

46 

1 29 


04 

86 

90 

3 06 


We have injected subcutaneously three synthetic compounds (K, M, 
and V) and oestrone choleic acid These data are presented in Table VII 
K m 460/tg dose and M in the two higher dosages employed give per- 
centtiges positive sigiuhcantly higher than the controls, whereas V does 

• We employ the forty eight animals of Tables I and II as controls for the sub 
cutaneous injections also since the subcutaneous injection of olive oil does not cause 
any significant difference in the vaginal smears The A and B period data are 
compared with the control data using the x* test to determme significant differences 
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not in 7000/ig dose V has been found oestrogenic in mice by others 
(cf Butenandt and Schramm 1936 , Thayer, MacCorquodaleandDoisy 1937 ) 
in doses of 26 mg and above upon subcutaneous mjection The oestrone 
choleic acid in 0 1 /ig dose gives a result not sigmficantly different from 
the controls, but does m the 0 2/ig and 0 4/<g doses The fifth column of 
Table VII mdicates that none of the compounds listed differs significantly 
in its time course of action from oestrone injected mtrapentoneally 
except oestrone choleic acid m the highest dosage Since this dosage gives 
a percentage positive in the A periotl which must bo determined from our 

A curve by extrapolation, the value 3 06 /of is open to question, 

\ ^'dlff / 

as the curve would presumably become of lesser slope with high per¬ 
centages positive 


Discussion of the data on ovakifctomized mice 

We have mdicated previously (Pincus and Werthessen 1936 ) why we 
consider advisable the intraperitoneal mjection of the types of synthetic 
compound employed Their relative insolubility makes for slow absorption 
from the subcutaneous site and furthermore we have noted positive 
inflammatory reactions agamst the materials consisting of lymphatic 
blockage, capillary breakdown, and walling off of the oil globule by 
connective tissue The more open lymphatic drainage of the pentoneum 
permits fairly rapid entry of the solutions into the circulation although 
eventually even these vessels would presumably exhibit typical in¬ 
flammatory reactions against stimulatmg materials 

When, indeed, we come to consider the relative potencies of the various 
substances the possibihty of not merely slow diffusion into the circulation 
but also of actual bodily reactions preventing their entry becomes of 
considerable importance For even if no acute inflammatory reaction 
against them is observable more subtle events m the lymph and capillary 
networks at the site of absorption may be most effective (see Menkin 1936 ) 
In considering the work of Cook, Dodds and their collaborators we were 
struck by the fact that relatively large subcutaneous doses of most of the 
synthetic compounds they employed were necessary to induce an oestrus 
response, e g 10-100 mg This may be due to the fact that they do mdeed 
possess a low potency or that they enter with difficulty mto the circulation 
On the latter basis doses up to a certain level are meffective either because 
of extreme insolubiUty or the abiUty of the mflammatory mechanism to 
prevent absorption of imtatmg substances, whereas high dosages even 

33 3 
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with a low solubility dehver sufficient quantities to permit detectable 
activity or are so large that the inflammatory mechanism cannot com¬ 
pletely cope with all the “mvadmg" materials and some manages to get 
through into the circulation That slow absorption due to either of these 
mechanisms is a factor is mdicated by the fact that oertam of the compounds 
employed by Cook, Dodds and others contmue to be active for 2-3 weeks 
after the mitial injections They find, indeed (Cook, Dodds, Hewitt and 
Lawson 1934 ) that V m 100 mg dosage in rats is ineffective if delivered 
m three consecutive subcutaneous mjections on the same day, whereas the 
same amount given m three injections on three consecutive days gives a 
positive oestrus response lasting 20 days They explain this difference on 
the grounds that rapid absorption takes place during the first 12 hr after 
mjeotion, falling to a slow steady level, and, since more oestrogenic 
activity IS needed to mitiate oestrogenic activity than to mamtam it, the 
1 day injections deliver a large, but insufficient, amount over too short a 
penod of time to initiate oestrus, the 3 day injections dehver successive 
peaks of material which are cumulatively sufficient to overcome the 
barriers to oestrus imtiation and the subsequent slow absorption is 
sufficient to maintain oestrus 

Our data indicate that not only the rate of absorjition but that the 
amoimt absorbed is also an important factor For by mtrapentoneal 
injection V is definitely oestrogenic m 50/ig dosage, whereas m 7000/tg 
dosage subcutaneously the degree of vaginal stimulation obtamed is not 
significantly indicative of oestrogemc action Furthermore, M is active 
in 10/tg dose mtraperitoneally but not active in 700/ig dosage by sub¬ 
cutaneous mjection and is definitely active m 2000 /ig dosage sub¬ 
cutaneously Increasmg M to 7000/ig in subcutaneous injection scarcely 
mcreases the percentage of positive smears whereas increasmg the intra- 
pentoneal dosage does raise the percentage positive in roughly the same 
manner as with oestrone The conclusion is mescapable that only a certam 
small proportion of the matenal mjected subcutaneously actually gets 
mto the circulation, and certainly a much larger proportion of the intra- 
pentoneally injected matenal is active It is apparent that the amount 
of active matenal leaving the subcutaneous site vanes from compound to 
compound We can set the mimmum effective dosages roughly for K, M 
and V as respectively S/ig , 7/ig, and 40/tg , by subcutaneous mjection 
they are approximately 460/ig , 2000/ig , and more than 7000/ig , the ratios 
of the two are 1 66 , 1 286 and 1 176 + 

Oestrone itself presents a ounous contrast to the synthetic compounds 
In the lower dosages subcutaneous mjection appears to be much more 
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effective We believe the explanation for this lies in the way the vaginal 
stimulation is effected m the two cases Intrapentoneal mjection by our 
method we believe presents a close imitation of what happens dunng a 
normal cycle where we have a period of epithelial growth with slight 
cormfication dunng the prooestrum and oestrum, and a period of marked 
desquamation and leucocytic infiltration in the metoestrum The latter 
we conceive of as being due to a withdrawal of the hormone stimulation, 
the former as due to positive stimulation By intrapentoneal injection we 
obtam a rapid stimulation giving in the lower dosages prooestrus types 
of growth often scarcely detectable by our method of classification and 
fairly rapid withdrawal of the stimulus giving typu al postoestrus symptoms 
The subcutaneous injection is effective however by virtue of a continuous 
stimulation with a latent penod of roughly 4«-(50 hr between injection 
and mitial effect and a protraction of this effect with a falling off as the 
absorbable oestrone declines This apjiears to us to be the basis of the 
difference m time course of action of oestrone adrnmistered by the two 
routes We get a lower percentage positive with low doses of oestrone 
injected mtraperitonoally because the rapid absorjition is aocompamed by 
fairly rapid excretion and the mild prooestrus growth is scarcely identifiable 
dunng the A period Dunng the B penod the smears are more easily 
identified as positive and so the percentages positive more nearly approach 
those observed in subcutaneously injected animals, but they do not quite 
attam the subcutaneous levels because of the excretion of active matenal 
This 18 borne out when we consider more closely what happens during the 
A penod in the two cases The percentages positive for the three lowest 
intrapentoneal dosages for the 24th and 3Cth hour smears combmed and 
the 48th and 60th hour are respectively ^ 1 and H 4% which are in the 
ratio of 1 1 6, for the three lowest subcutaneous dosages the corresponding 
percentages are 26 7 and 73 3 which are m the ratio of 1 2 7 
The synthetic compounds injected subcutaneously show no sigmficant 
difference m time course of action from oestrone injected mtrajientoneally 
presumably because only a certain small but stimulatmg amount of the 
matenal escapes at the time of injection and then no more, or at least 
insufficient to continue stimulation Oestrone choleic acid shows the same 
time course of action as oestrone by both mtrapentonoal and subcutaneous 
injection presumably because the attachment of choleic acid radicals to 
the oestrone molecule makes it more rapidly absorbable so that the period 
of absorption of active matenal is much shorter than that of oestrone It is 
obvious also firom the data of Table VII that doubling the dosage of 
oestrone choleic acid much more than doubles its activity We can only 
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deduce that the choleic acid addition not only makes the molecule more 
easily absorbed but also prevents its destruction It is notable m this 
connexion that oestrone choleic acid is the only compound that exhibits 
identical activity by both routes of admmistration Unfortunately we do 
not know the molecular weight of the oestrone choleic acid compound and 
so cannot give its activity in terms of oestrone We regret also having no 
data on the results of injecting A, B, and C subcutaneously, particularly 
smce B and C m the higher dosages used exhibit obviously sigmficant 
differences in time course of action from oestrone 
Although, by mtrapentoneal mjection we have succeetled in enhancing 
the activity of the synthetic compounds presumably by increasing the 
effective amount absorbed we cannot state that we have thereby determined 
their “real” activity For we do not know how much matenal actually 
does work in stimulating vaginal growth Intrapentoneal injection does 
not necessanly mean complete absorption, nor do we have any notion of 
the rate of excretion or destruction of these compounds For this reason 
we cannot examine too closely the relation lietween structure and activity 
We are mclmed to agree with Dodds ( 1936 ) that these tomi>ounds may be 
likened to active degradation products of the oestrone molecule, especially 
since their time course of action is so uniformly like that of oestrone But 
a number of the substances might equally well be regarded as degradation 
products of oestradiol or oestnol Now oestradiol differs sigmficantly in 
time course of action from oestrone only in the highest dosage employed 
(0 2/ig ) and the difference resides in the fact that dunng the B period 
100 % positive smears were obtained, this demanded determination of the 
oestrone equivalent value by extrapolation of curve B and is therefor© 
open to question But oestnol is different from oestrone at a justifiably 
measurable level (see Table III) and the difference is due to relatively low 
percentages positive durmg the B penod This would mdicate that the 
stimulating effect of oestnol falls off more rapidly than that of oestrone 
The mouse accordingly has a somewhat more efficient mechanism for 
excreting (or destroymg) oestnol than oestrone On this basis we can unify 
all our expenraental results by assuming that the synthetic compounds 
are elimmated as slowly as or more slowly than oestrone If they are 
elimmated more slowly than oestrone the fallmg off m effect exhibited by 
oestrone at the 108th hour (see fig 1 ) would not occur, but since the falhng 
off m the oestrone senes is of such a degree as not to affect markedly the 
percentage positive for the whole B penod these compounds would be 
oestrone-like m their time course Thus K (which, mcidentally, has a 
closed 4th nng) is very much like oestrone m that the percentage positive 
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(all doses combined) is 60 0 at the 108th hour compared with 71 7 % durmg 
the rest of the B period, M and V show respectively 89 4 and 100 % 
positive at the 108th hour compared with 76 9 and 71 1 % during the rest 
of the B penod We have, m fact, observed some evidences of continued 
stimulation by M as late as a month after its injection 
We are mmdful that certain of the compounds here found to bo active 
may be oestrogenic only in the sense that they stimulate the production 
of a certain degree of vaginal activity and that they may not assume all 
the activities exhibited of the native hormones As a prehminary test of 
this notion we injected intrapontoneally into ovancctomized mice three 
of the synthetic compounds m combination with colchicine after the manner 
described by Allen, Smith and Gardner ( 1937 ) and counted the number of 
mitoses per utenne cross section (cut lO/c thick) and per vagmal longitudmal 
section The data are presented in Table VIII 

Tabljj- VIII The mean number ot mitoses per uterine cross section 

AND PER VAGINAL LONGITUDINAL SECTION IN VARIOUS GROUPS OF 


OVARIECTOMIZED MICE 

Amount 
injected m 
Compound micrograine 

No of 

Mitoses 
per animal 
m uterme 

Mitoses 
p«'r animal 
in vagmal 

injected 

per mouse 

animals 

mucosa 

epithelium 

Control 

__ 

4 

26 0 

80 

F 

140 

4 

31 2 

73 5 

K 

68 

4 

69 0 

34 8 

M 

170 

3 

48 3 

40 3 

It 18 apparent 

that whereas all the co 

in pounds give obvious stimulation 


of vaginal activity only K differs markedly from the control m increasmg 
mitoses in the utenne endometnum, and M problematically so While 
these data cannot be taken as definitive they do mdicate that the compound 
most remote from the hormones in structure, F, exerts its chief effect upon 
the vaginal epithelium It may then be considered a “pseudo-oestrogen” 
From the point of view of the relation between structure and activity this 
distinction is a very important one It may be that the vaginal epithehum 
cornifies m response to any nng compound having one or more of several 
possible auxihary groups whereas other forms of oestrus activity are more 
specifically controlled We have therefore conducted the rabbit expenments 
detailed below 
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Expkrimhnts on ovtxm growth and endometriai. prouferation 


IN THE OVARIBOTOMIZBD BABBIT 


The technique employed has been previously descnbed (Pmcus'and 

Werthessen 

1937 )) sS'Ch rabbit doe received a 

given (or no) dosage of 

progesterone 

m SIX divided subcutaneous doses beginning the day after 

ovariectomy (38-40 hr 

after copulation) with the simultaneous mtra- 

peritoneal injection of the various test compounds, the 

animals were 

sacnficed at 18-20 hr after the last mjection, the ovum diameters measured, 
and the uterus fixed for subsequent sectioning and measurement In 

Table IX we 

list the vanous combinations of progesterone and oestrogens 

and the data on ovum 

size and endometrial growth F 

or any given 

Table IX 

The effects upon ovum size and uterine proliferation 


(OjM) of various oestrogenic substances 



Amount of 


Amount of 




progwterono Oestrogenic 

oestrogen 

Mean egg 



injected 

substance 

injected 

diameter 

Mean 

Rabbit 

(mg ) 

injected 

(mg) 

(/») 

aiM 

PO-1 

0 42 

A 

0-008 

377 

0 361 

PO-4 

0 42 


0 010 

666 

0 629 

PO-6 

0 42 


0 060 

206 

0 382 

PO-22 

0 42 


0 076 

229 

0 294 

PO-29 

0 42 

B 

0 003 

828 

0 703 

PO-23 

0 42 


0 006 

— 

0 648 

PO-26 

0 42 


0 020 

— 

0 476 

P 0-28 

0 42 


0 076 

828 

0 363 

PO-24, 31 0 42 

C 

0 026 

900 

0 705 

PO-26 

0 42 


0 260 

— 

0 641 

PO-30 

0 42 


. 0 600 

764 

0 230 

PO-21 

0 42 

V 

60 0 

463 

0 644 

P 0-13 

0 42 


100 0 

161 

0104 

PO-18 

0 42 


100 0 

221 

0 606 

PO-6 

0 42 

M 

10 2 

640 

0 663 

PO-14 

0 42 


60 0 

460 

0 789 

PO-8 

0 42 


64 0 

741 

0 664 

PO-19 

0 42 


100 0 

188 

0 671 

Q 

000 


60 0 

— 

0 281 

PO-17 

0 42 

K 

76 0 

410 

0 645 

PO-15 

0 42 


300 0 

629 

0 676 

PO-IO 

0 42 


300 0 

890 

0 697 

PO-16 

000 


300 0 

193 

0 282 

PO-7 

0 42 

R 

40 0 

616 

0 449 

PO-9 

0 42 


206 0 

— 

0 661 

po-n 

0 42 


460 0 

624 

0 616 
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progesterone dosage we determine from our standard curve (Pmous and 
Werthessen 1937 ) the expected ovum size and mucosal growth, and 
employmg the standard deviation of the standard curve can determme 
whether any given set of measurements deviates significantly from 
expectation A sigmficant decrease fi-om expectation is mdicated in the 
table by black type, a significant increase by itahc type The progesterone 
dosage used (0 42 mg ) should in a single rabbit give a mean ovum diameter 
of 600 ± 126 6 /i, and a OfM value* of 0 460 + 0 0776 The lowest dosage 
of oestrone (3/ig ) injected with the progestin has no sigmficant effect 
upon either ovum diameter or endometrium development But the 10/ig 
dosage of this compound and the lowest dosage of all the others (except 
R) give m each instance a significant mcrease of OjM, e g an enhance¬ 
ment of the progesterone eftect On the face of it this would seem to 
indicate the familiar synergistic activity of oostrin and progestui But 
increasmg the dosage of oestrone, B, C, and V result in a reduction of 
glandular proliferation whereas increasmg the dosages of M and K con- 
tmues to give marked enhancement of the progesterone effect This might 
be explicable on the grounds that M and K are progestational compounds, 
but when these are injected as substitutes for progesterone, 1 e animals 
Q and P 0-16, they do not act as progestins 
We can unify these results hypothetically on the basis of the presumed 
fate of these compoimds after mjection Schematically presented it is as 
follows 

excretion 

S -*-D excretion 

C -> excretion 
-> excretion 

m which S = the hormone, or synthetic compound, D any (and all) mactive 
degradation or “destruction” product, G any (and all) active converted 
form of the hormone, and D’ any (and all) inactive degradation product 
of C We present as entirely reasonable the postulate that the inhibition 
of any one of these processes will result m the accumulation of the products 
of the preceding reactions Thus if D represents an inactive breakdown 
product of progesterone the prevention of its excretion will cause not only 
Its accumulation but also the accumulation of progesterone through a 

* O^area of the glandular portion of the endometrium, ilf = total area of the 
endometrium 
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decrease m the rate of the reaction 8 ->D (This is essentially the postulate 
underl 3 Tng mass action kinetics) Progesterone effects will then be 
enhanced unless the excretion of progesterone or its conversion to another 
compound is increased proportionately Pels ( 1935 ) has m fact reported 
that progesterone activity m the Alien-Comer test is enhanced by the 
simultaneous mjection of pregnandione which is itself maotive Pregnan- 
dione might very well be a natural degradation product of progesterone, 
its structural configuration, in any event, makes it seem likely that the 
same enzyme system which is concerned in the conversion of progesterone 
might act upon the pregnandione molecule The 8 }Tiergi 8 tic efiect of the 
low dosages of the compounds of Table III can be explained by assuming 
that of the presumable enzyme systems concerned in the conversion and 
degradation of the ovarian hormones some can act upon all the various 
compounds related to the hormones Thus the enhancement of the pro¬ 
gesterone action by low dosages of oestrone, oestradiol, and oestnol may 
be due to the fact that the oestrogens are destroyed by the same system 
as progesterone and the partial saturation of this destructive system by 
the oestrogens prevents the normal rapid destruction of progesterone 
That progesterone is ordinarily rather rapidly converted seems indicated 
by the fact that its recovery m urme has been reported only once (Loewe 
and Voss 1934 ) and then m the concentration of 1 Alien-Corner umt per 
20 1 of late menstrual urme We have been unable to recover any progestin 
activity in the unne of ovariectomized rabbits receivmg up to 6 mg of 
progesterone at the rate of 1 mg per day The oestrogens, on the other hand, 
can be recovered in part after injection (Pmcus and Zahl 1937 ), so we 
judge that they have a lower “partition coelhcient” for the destructive 
system The compounds V, M, K, and R rejiresents presumable degradation 
products of the oestrogens of such a chemical nature that they still retain 
a certain amount of oestrogenic activity (cf Dodds 1936 ) They might 
occupy positions lower down in the degradation chain than the native 
hormones but nevertheless inhibit progesterone destruction m the same 
way as pregnandione C/ompound R in the dosages employed appears to 
be an exception smee it gives no enhancement of progesterone activity yet 
we and Dodds ( 1936 ) have found it to have mild oestrogemc activity On 
our hypothesis we can only assume that this compound is not acted upon 
by the enzyme cham that deals with the native hormones 

When we come to consider the effects of higher dosages it is evident that 
the native hormones inhibit the progestational effect and that oestnol is 
less effective than either oestrone or oestradiol This is the famihar 
antagonistic effect of the oestrogens (cf Hisaw 1932 , Coumer and Raynaud 
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1933 , Robfion 1936 ) Of the synthetic compound only V exhibits this 
effect, we suggest that V alone has the proper molecular configuration for 
interfenng with the reactions leading to glandular proliferation 
These data show that ovum growth and glandular proliferation are 
affected differentially by these compounds and give thereby further 
evidence that various reaction chains are involved We have suggested 
(Pmous and Werthessen 1938 ) that the stimulating effect of progesterone 
upon egg and glandular growth is consonant with the notion that 

y>{2) glandular growth 

Progesterone ->-(1) mucosa 

^(3) ovum growth 

Thus oestrone ( 1 ) inhibits reactions at ( 2 ) and (3), apparently first affecting 
(3), oestradiol (B) and oestriol (C) inhibit ( 2 ) without affecting (3)—m fact 
by mhibiting (2) they seem to enhance the progesterone effects through (3) 
smee the ova of oestnol and oestrailiol injcc tod animals are 60-80 % larger 
than expected Ketotetrahydrophenanthrono (V) acts like oestrone, and 
we note that it, too, is a ketone, M in high dosage presumably inhibits (3) 
leaving ( 2 ) unaffected, and K in high dosage causes increased ovum as 
well as progestational growth merely through its inhibition of progesterone 
destruction 

It 18 a matter of some moment for our general argument that oestrone 
mhibits both egg growth and glandular ])roliferation, whereas B and C do 
not inhibit egg growth while definitely dec roasing the degree of glandular 
proliferation It indicates that B and C are not involved m exactly the 
same reactions as oestrone This is further made obvious when we consider 
the findmg of Pmeus and Zahl ( 1937 ) that oestrone is converted to oestnol 
in the rabbit uterus Oestradiol (Pmeus and Zahl, unpublished data) is 
converted to oestrone in the presence of the ovary and ivithout the 
presence of the uterus The oestrone effect on the ova therefore is m some 
way mvolved m the step iS -> C of our general sc heme of hormone conversion 
V, because of its ketone structure, may very well be converted by the same 
reaction system It may, on the other hand, be converted to oestrone in 
the body and exhibit what is roughly 1/lOOOth to l/2000th the activity of 
oestrone merely because only a small amount of it is converted to oestrone 
Cook and others ( 1934 ) have advanced cogent arguments against the 
conversion tn mvo of the synthetic compounds mto the hormones, and 
we have tested this possibility by mjecting 70 mg of V mto a pregnant 
rabbit but recovered no oestrone, oestnol, or oestradiol m the urme The 
pregnant rabbit (Pmeus and Zahl 1937 ) excretes about 00 % of mjeoted 
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oestrone or oestnol m the urine, so that if conversion to native hormone 
occurred the unne should have contamed at least 20-60/<g of hormone 

We are left therefore with the conclusion that a cham or group of 
reaction systems acts upon or requires the participation of the hormone 
molecules and that at one point or other m the cham the synthetic 
compounds may enter The vaginal effect presumably occurs at a pomt 
m the cham wherem rather wide variation m chemical structure does not 
necessarily hinder activity Participation m certain of the uterine reactions 
on the other hand requires more specific structural configuration, the 
reactions mvolving ovum growth, for example, are unaffected by certam 
native hormones which do affect both uterine prohferation and vaginal 
activity 

We are extremely indebted to Professor Louis F Fieser and his co-workers 
for their extraordmary generosity in supjilymg us with the synthetic 
substances described in Table V To the E R Squibb Co we express our 
gratitude for supplying the oestrone used in making oestrone choleic acid 
DrC P Wmsor rendered us invaluable assistance in the statistical analysis 

Acknowledgement is here made of grants from the Josiah Macy jr 
Foundation and from Parke, Davis and Co , which have materially aided 
the work 


Summary 

1 A method of assay for oestrogenic compounds is descnbed Injections 
are made mtrapentoneally mto groups of five ovanectomized mice and 
smears are taken at 12 hr mtervals up to the 108th hour after the first 
injection Menstruation curves for oestrone in various dosages are given, 
by employmg the percentage positive smears of (A) the 24th-60th hours 
and (B) the 7 2nd-108th hours the distmctive time course m change of 
vagmal activity is descnbed and its limits set 

2 Companson with the oestrone standard is made for four types of 
native oestrogen and twenty mne synthetic compounds On a molar basis, 
setting oestrone as 100 %, the activity of the synthetic compounds is never 
above 1 72 % (substance M), and ordmanly lower or ml By subcutaneous 
injection certam of these compounds show even lesser activity due pre¬ 
sumably to their relatively slight absorption Their time course of action 
18 m every instance no different from that of oestrone whereas oestnol 
(substance C) is defimtely different in two dosages employed and oestradiol 
(B) presumably so m the highest dosage employed Oestrone monobenzoate 
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(substance A) does not differ in either percentage of activity or time course 
of action from oestrone on mtrapentoneal injection, confirmmg the 
findmgs of Deansley and Parkes ( 1937 ) on their relative activity by 
mtravenous mjeotion m the capon 

3 Wide variations m structural configuration (based upon phenanthrene, 
diphenyl, or naphthalene nuclei) involve roughly similar oestrogenic activi¬ 
ties on the basis of vaginal stimulation, with a defimte enhancement 
(doubling) of activity in the phenanthrene denvatives due to auxiliary 
hydroxyl groups m the 6 and 7 positions Of three comiiounds tested m ovan- 
ectomized mice one (K) apparently increases mitotic activity in both the 
uterme and vaginal epithelia whereas two others (F and M) appear to 
stimulate only vaginal mitosis 

4 The simultaneous injection of certain oestrogens (except R) with 
progesterone mto rabbits ovanectomized 18-20 hr after fertile copulation 
results in an enhancement of the progesterone effect upon utenne pro¬ 
liferation (and to some extent upon egg growth) m the lowest oestrogen 
doses employed In higher dosages oestrone and 1-keto-l, 2, 3, 4-tetra- 
hydrophenanthrene (V) inhibit ovum growth and utenne proliferation, 
B and C inhibit only uterme proliferation and enhance ovum growth, 
M and K continue to enhance uterine growth (M may mhibit ovum growth 
m 100 mg dose), but are not progestine, R affects neither process in doses 
up to 460 mg The enhancement of the progesterone effect is explamed on 
the assumption that these compounds enter into reactions the net effect 
of which 18 to prevent progesterone destruction It is deduced that the 
failure of B and C to inhibit ovum growth while definitely preventing 
pseudopregnant proliferation mdicates that they cannot affect the pro¬ 
gesterone mduced reactions leading to ovum stimulation 

6 On the basis of these findings we conclude that a cham of reactions 
tn vtvo may be affected by (or permit the participation of) oestrogens, but 
that some, like those leadmg to ovum growth, are labile to compounds of 
rather definite molecular structure, whereas others, like the processes 
mvolvmg vagmal stimulation, are entered into by a great variety of 
compounds 
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Molecular interaction in monolayers 
III Complex formation in lipoid monolayers 

By J H SCHULMAN AND E STbNHAGBN* 

{Communicated by E K Rideal, FRS —Received 29 August 1938) 

In Parts I and II (Schulman and Rideal 1937 } it was shown that on 
injection into the substrate beneath a uniform coherent monolayer of sub¬ 
stances in minute quantities, one of two distinct types of interaction could 
be observed In one case the injected molecules penetrated the surface film 
to form a mixed equimolecular monolayer, in the other the injected mole¬ 
cules were adsorbed on to the film to form a double layer, m some cases very 
ngid or tanned skms being formed by cross-hnking It appeared that in the 
former case equimolecular complexes were formed between the associating 
molecules, the term “complex” being used to designate a combination of 
measurable stabihty in stoichiometric ratio between the two reactants It 
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was further shown that the stability of these complexes m monolayers was 
due not only to polar mteraction between the head groups but also to the 
operation of the dispersive or Van der Waals forces between the non¬ 
polar portions of the respective molecules This latter factor not only im¬ 
parts a high degree of specificity to the mteraction but is m many cases the 
determmative one which governs their existence in detectable amounts 
only m the state of orientated monolayers Recently, similar systems m 
multilayers have been made confirming the importance of the factor of 
molecular adlmeation Small changes in the associating forces, such as m 
the Van der Waals adhesion or the polar heads or the salt concentration in 
the substrate, could radically alter the nature and stability of the complexes 
In this work further experimental support is given to these concepts, 
especially m relation to the association between saturated and unsaturated 
hydrocarbon chams and aromatic nng structures The previous exiienments 
were earned out with the films at constant area and at definite pressures of 
6 or 10 dynes/cm Under these conditions mixed monolayers c ontaining the 
two reactants only m the ratio of 1 1 were obtained on “ {lenetration ” 

(One molecule m the monolayer to one from the substrate ) By experiment 
over a wide range of areas as well as pressures a number oi general types of 
complex were found to emelgo from the investigation Thus it is found that 
when both reactants are ring structures only 1 1 complexes are stable 

When a nng structure monolayer is penetrated by a cham reactant, the 
formation of surface complexes containing one, two or three cham mole¬ 
cules per nng molecule m the monolayer has been established In the 
inverse case, two chain molecules m the monolayer tan link up with one 
nng structure molecule from the substrate If both reactants are cham 
molecules, a maximum of three molecules from the substrate can form a 
sohd complex with one molecule in the monolayer In these systems, whilst 
1 3 and 1 1 complexes are stable, no evidence for stable 1 2 complexes 

could be obtained It is found that a monolayer of a Iram unsaturated 
cham compound is readily jienetrated by a saturated cham compound pro- 
duemg a very stable solid I I complex at high surface pressures Here, 
evidence for a sohd 1 2 complex was obtained, but no 1 3 complex is 
obtamed as occurs with saturated chams Since these stable complexes 
give solid films, two-dimensional crystalline lattices with difiFerent sym¬ 
metries can be constructed Penetration of monolayers of as unsaturated 
cham compounds is feeble and the resulting complex is readily decomposed 
on surface compression, the penetrating molecules bemg ejected from the 
surface layer back into the substrate Complexes of these different ratios 
are obtamed when the penetratmg agent is m sufficient concentration to 
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enable the 1 1 complex to ooUapee as a unit When a strong association 
exists between the reactants os is, for example, found m the case of the 
penetration of a film of cholesterol by sodium cetyl sulphate injected mto 
the substrate, the quantity of the latter necessary is remarkably small, 
being only of the order requued to form a monolayer on the surface, thus 
0 1 mg /lOO c c mjected beneath a film of cholesterol extended so as to cover 
60 A*/molecule immediately raises the pressure by some 30-40 dynes/cm , 
although the cholesterol alone only commences to form a coherent film 
when compressed to areas of ca 40 A* Under these conditions the two 
components alone do not measurably affect the surface tension 

Experimental 

For measuring the change and rate of change of area at constant pressure, 
produced by the penetration of a substance mjected mto the substrate 
beneath a monolayer, two different devices were employed In the first a 
trough was divided by means of a waxed bamer guided by hooks between 
two parallel wu-es above the trough enabling the bamer to move the dis¬ 
tance of the trough and at right angles to the sides Leakage between the 
ends of the bamer and the sides of the trough was prevented by the attach¬ 
ment of long vaselined sdk threads both to the bamer and to the sides of 
the trough On one side of the bamer the monolayer to be investigated was 
deposited in the usual way Its pressure was controlled by placing a 
lens of a spreadmg substanco on the surface of the substrate on the other 
side of the bamer The pressure exerted by the monolayer spreading from 
the lens (Cary and Rideal 1925 ) is constant and thus serves as a piston 
(Langmuir 1935 ) The following substances were employed os piston fluids 
with their respective pressures on substrates of pH 7 2 m dynes/cm 
tricresyl phosphate (9 8 ), castor oil (16 3), triolein (21), and oleic acid (36) 
This method is restncted to those piston fluids that do not suffer a large 
change m pressure on injection of the reactant mto the substrate 

In the second method the monolayer under examination was confined m 
a Langmmr trough between bamer and glass shde m the usual manner, 
the movement of the glass slide, however, was automatic, bemg performed 
by a reversible motor which was set m motion through relay systems acti¬ 
vated by any movement of the bamer suspended from the torsion wire A 
variation m pressure (either positive or negative) was sufficient to set the 
slide m motion when the electno contacts on each side of the bamer 
operated electric relays, a sensitivity of 0 6 dyne/cm being achieved The 
pressure behmd the bamer was either controlled by placing a lens of a 



Molecular %rUeract%on %n monolayers 359 

piston oil on the surface, or the surface tension of the solution after injec¬ 
tion was directly determined by means of the nng method The monolayer 
could thus be placed on the surface of the substrate, the pressure adjusted 
to any desired value, and on mjection of the reactant the area during the 
penetration process automatically adjusted itself m equilibnum with the 
pressure on the torsion head and the rate of penetration could be measured 
m the usual way, directly or by graphical recording When, as is frequently 
the case in strongly interacting systems, the monolayer of the complex 
formed on penetration is a solid, the change ot area when the pressure is 
increased and molecules of the reactant are ejected from the him proceeds 
so slowly that the automatic device is practically essential for uniform 
reaction A senes of measurements was earned out at different concen¬ 
trations of the penetrating substance 

Molecules containing ring systems penetrating monolayers 
containing ring structures 

In fig 1 18 shown the force area characteristic curve of a monolayer of 
t holesterol spread upon a phosphate buffer of pH H at 20° C It forms a 
liquid condensed film of limiting area of 40 A* This is compared with the 
same film after 4 mg of digitonm have been injected into the substrate of 
volume 300 o c It is seen that the limiting area of the film has increased to 
SO A* and the solid film collapses at some 60 dynos/cm well above the 
collapse points of cholesterol (40 dynes/cm ) or of digitonm monolayers 
(20 dynes/cm ) Evidently a very stable 1 1 complex is formed and the 

digitonm molecule has the same area as the cholesterol molecule at high 
compressions At pressures less than 26 dynes/cm digitonm m excess of 
the 1 1 ratio can jienetrate the monolayer which is still solid, but this 

excess is readily ejected on raismg the pressure 

If with the constant-pressure device a cholesterol film be compressed by 
an oleic acid piston the waxed bamer will move outwards on injection of 
the digitonm to an extent exactly equal to the area of the oiigmal film of 
cholesterol as seen m fig 1 at 36 dynes/cm pressure The movement of the 
bamer is quite rapid and the cholesterol film solidifies m the process 
The oleic acid or triolem films used as piston films are unaffected by the 
digitomn and reraam hqiiid This specificity (shown by digitonm m its 
action on different monolayers) was noted also m Part I, where the esters 
cholesterol acetate, lecithin and sphyngosin were found to be unaffected by 
digitonm or saponm Digitalis does not penetrate and is not adsorbed by 
cholesterol monolayers, and no complex has been detected by other methods 
Glycocholic, desoxycholic, cholanic, cholalic, dihydrocholic, taurochoho 
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acids and soymnol form very weak 1 1 oomplexes with cholesterol mono- 
layers, the mixed films on penetration oollapsmg at the spreadmg pressure 
of the mjected substances We shall have occasion to refer to these values 
m Part IV m relation to their haemolytic activities 



Fig 1 

Molecules oontaming long chains penetrating monolayers 
containing ring structures 

In fig 2 are shown the force area characteristics of cholesterol spread 
upon a substrate (pH 8) contaimng saturated soilium cetyf sulphate 
It 18 seen that when surface peptization of the cholesterol film occurs the 
resulting mixed monolayer is fluid and the limiting area of 69 A* mdicates 
that only a 1 I complex is stable, the areas of cholesterol and the sodium 
cetyl sulphate under high compressions being 40 and 19 0 A* respectively 
As will be seen later the extension m area at lower pressures may proceed 
smoothly or with a senes of breaks in the curve It is difficult to ensure the 
absence of all hysteresis effects, but the extension of the area m this case 
suggests that it is due to a solution of sodium cetyl sulphate m the hquid 
1 1 complex monolayer When the underl 3 ang solution is made dilute, the 
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extension m area beyond 80 A* takes place at constant pressure, being due 
to the lowering of the surface tension of the water by that concentration of 
sodium cetyl sulphate 



Fio 2 

The surface pressures at 00 A^/cholesterol molecule of the 1 1 complexes 

are dependent on the concentration m bulk of the sodium cetyl sulphate as 
shown m fig 3 The values depicted in fig 3 are equilibnum pressures (such 
determination taking several hours), at 20° C, obtained by injecting minute 
conc-entrations of sodium cetyl sulphate (0 1 mg ) into 300 c c of M/250 
phosphate buffer at pH 7 2 on which a cholesterol film has been spread at 
60 A*/molecule (area of trough 374 cm *) Cholesterol films do not register 
a pressure until they have been compressed to 40 A*/molecule The pressure 
was obtained by the chainomatic ring method It is instructive to note that 
such mmute concentrations under these conditions can alter the surface 
tension of the aqueous solution to such large extents The surface pressures 
registered for a cholesterol film at 60 A® collapse area of the mixed him on a 
solution of sodium cetyl sulphate reach a maximum at about 0 5 mg /300 c c 
concentration of about 49 dynes/cm We may note that a saturated 
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sodium cetyl sulphate solution alone only lowers the surface tension 
22 dynes/cm at 20 " C If the cholesterol film be compressed to 40 A* and 
the sodium cetyl sulphate be then injected, the equihbnum pressure is 
about 60 dynes/cm It seems probable that the mcrease in stability of the 
film containing cholesterol origmally compressed is to be attributed to an 



3 3 X 10-’ g /o c 
Fig 3 

adsorbed double layer of sodium cetyl sulphate attached to those cholesterol 
molecules which have no adjacent sodium cetyl sulphate molecule m the 
monolayer We can visualize the structure as a partially penetrated 
cholesterol film with a partially adsorbed double layer of cetyl sulphate 
molecules as the equilibnum case Thus the packing of the cholesterol 
molecules m the two cases being difierent, different equilibrium pressures 
will be registered It would appear that the complex must be m dissociative 
equihbnum with sodium cetyl sulphate m the monolayer and this m turn 
m equilibnum with that substance m the bulk phase Takmg the molecular 
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area of the sulphate as 20 A*, at i'’ = 16 and 49 dynes/cm , the dilferenoe m 
the firee surface energies involved m the formation of the complex at these 
two concentrations is AF = 940 cal /g -mol The dilFerence of 940 cal /g - 
mol should, by Gibbs’ Law, if true equilibrium be established, be equal to 
RT log CJC^, where and Cj are the equilibrium concentrations of the 
dissociating cetyl sodium sulphate This is equivalent to about a fivefold 
variation in concentration, which is m fact approximately equal to the 
expenraental values of 0 10 and 0 50 mg /300 c c , supportmg the assump¬ 
tion that the values obtained are true equihbnum values, and that the 
complex can be described as behavmg like a chemical compound 

It IS interesting to note that if a mixed film of cholesterol and the long- 
cham cetyl salt be spread upon an aqueous solution with no cetyl sulphate 
in It, at pH 8 only a very weak complex of I 1 could be obtained which 
readily collapsed at 12 dynes/cra (showing the same pomt as in fig 3 for 
300 0 c and 0 067 mg in the solution), and from which all the sodium cetyl 
sulphate could be ejected at pressures as low as 20 dynes/cm leaving a pure 
cholesterol monolayer If the long-cham octadecyl salt be employed instead 
of the cetyl, a much greater stabihty of the mixed film is observed, but in 
this case a break m the curve suggests that a 1 2 complex is formed at 
10 dynes/cm pressure and the 1 1 complex commences to collapse at 

30 dynes/cm pressure, the salt being completely ejected only at 60 dynes/cm 
pressure The increase of two CH, groujts in the cham has caused a very 
marked increase in the stability of the complex far greater than the decrease 
observed in the surface tension lowering of the two sulphates alone which 
was found to be 8 and 10 dynes/cm respectively 
The ejection jiressures appear to lie reasonably reproducible m these 
systems where one sfiecies is ejected and thus differs from the ordinary 
collapse phenomenon Several other substances were found to penetrate 
and form complexes with cholesterol, thus psychosm (0 6 mg /lOO c c ) 
gives a very stable complex of 1 2 composition at 55 dynes/cm and a 1 1 
complex stable at 65 dynes/cm on a phosphate buffer at pH 8 Somewhat 
larger concentrations, viz 1 mg /lOO c c of stearyl-chohn gives a stable 1 2 
complex monolayer stable at 63 dynes/cm This monolayer is interestmg m 
that it exhibits gel-like characteristics similar to the proteins which may be 
ascribed to the action of the positive quaternary mtrogen associating with 
the ketomc polar group, thus formmg a network on the surface 

With stearyl-dimethyl-ammo-ethanol (1 mg /lOO c c ) less stable mixed 
films are obtamed, the 1 2 complex collapsmg at 40 dyne»jcm and the 
1 1 at 60 dynes/cm In this cose no gelation could be observed reflectmg 

the weaker association of the secondary substituted mtrogen We shall 
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have occaaion to refer to these differences in relation to their haemolytic 
activities m Part IV 

Molecules containing hydrocarbon chains penetrating 
long-chain structure monolayers 

In fig 4 IB shown a typical penetration of a hydrocarbon chain system, 
cetyl alcohol, by a hydrocarbon chain contammg reactant (viz sodium 
cetyl sulphate) on a phosphate buffer at pH 8 at 20° C It will be observed 



Fio 4 

(fig 4) that the film becomes ngid at 78 A*, presenting a small kmk at 
69 A* and finally collapses at ca 38 A*, corresponding to complexes of 
composition 1 3,1 2 and 1 1, of which the 1 2 appears to be relatively 
unstable The curve was obtamed with 2 mm mtervals between each point 
If the automatic apparatus be employed and the pressure adjusted to 
23 dynes/cm (with a concentration of 1 mg /300 o c of cetyl sulphate) 
which 18 just above the collapse pressure of the 1 3 complex, there is a 
fapid movement of the shde until an area of 78 A* is obtamed where the 
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film becomes suddenly solid, the change m speed of compression is most 
marked at this point and then the contraction proceeds along (u) fig 5, 
until it comes to rest at a film area of 39 A* or the 1 1 complex 

In fig 6 18 plotted the rate of compression over the area range of 78- 
39 A* in loganthmic form (i) The ejection process follows a ummolecular 



Area A* 
Fio 6 


law similar to that expected m the decomposition of a chemical compound 
m monolayer form, and no departure is observed at an area correspondmg 
to the 1 2 complex 

Thus with mterpenetratmg saturated chain complexes we find that both 
1 1 and 1 3 complexes are stable and 1 2 complexes are either not 

found or possess but a transitory existence The electron diffraction pic¬ 
tures of Havinga and de Wael ( 1937 ) and also of Germer and Storks ( 1938 ) 
have shown that m the case of monolayers of banum stearate deposited on 
a supporting base, the arrangement is that of hexagonal symmetry and not 
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rhombic aa in the crystal If the monolayers are regarded as pseudo- 
orystallme, the distance between the chams is similar to that m the molten 
matenal or expanded crystal, and thus free rotation for vertically orientated 
molecules as shown by Malkm ( 1933 ) occurs The close paokmg in mono- 
layers of simple molecules undergomg free rotation mvolving a hexagonal 
pattern can be descnbed as conformmg to type CJ by A L Patterson 
( 1935 ) Rhombic packing for two species m the ratios 1 I and 1 3 can 
readily be constructed of the or types, but the 1 2 ratio C|p 
mvolves a looser paokmg, hence it might be supposed that the 1 2 form 
would only be transitory as the expenments suggest and that the structure 
of the cell lattice of the mixed monolayer is really rhombic as in the 
fatty acids Further evidence for the formation of monolayer lattices with 
different symmetries is given by an examination of the complexes formed 
by CIS and froiw unsaturated oleyl and elaidyl alcohols by penetration of 
sodium cetyl sulphate 

Effect of CIS and trans tsomenam on the stability of complexes 
between long-ckatn hydrocarbon compounds 
It will be noted in fig 6 that frons-elaidyl alcohol is readily penetrated 
by the cetyl sodium sulphate (3 mg /lOO c c ) to form a solid film at ca 6 OA* 
corresponding to a 1 2 complex, stable at 30 djmes/cm , the 1 1 complex 

(40 A*) oollapsmg as a umt at very high pressures, co 60 dynes/cm This 
IS m marked contrast to the behaviour of the oleyl alcohol (already noted m 
Part I), m which only a liquid 1 1 complex is noticed at 36 dynes/cm , which 
complex decomposes on elevation of the pressure by ejection of the cetyl 
sodium sulphate This corapressetl oleyl alcohol film on the cetyl sulphate 
solution collapses at ca 22 A*, and at a pressure of some 48 dynes/cm , 
bemg compared to the force area curves of the alcohol alone collapsmg at 
36 dynes/cni showing the increased stability due to the double layer film 
of adsorbed cetyl sulphate Evidence for the mterlockmg of saturated 
chams was presented by Lyons and Rideal ( 1929 ), and of trans unsaturated 
with saturated chams by Marsden and Rideal ( 1938 ), and it is interestmg to 
note that the solid 1 2 and sohd 1 1 complexes are formed m this case, 

but that the 1 3 is absent suggesting that the mterlockmg, when a double 

bond m the trans position is present m one species, is such that free rotation 
ifl either hindered or prevented and that these mixed films of saturated and 
unsaturated substances probably do not possess rhombic symmetry A 
similar apparent hindering of free rotation and thus elimination of rhombic 
symmetry and the formation of 2 1 complexes can be effected by the 
mtroduction of a non-symmetneal molecule instead of a cham 
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Molecules conta%ning nng systems penetrating long-chatn 
structure mixed layers 

In Part I it was observed that digitomn could penetrate films of cetyl 
alcohol but that saponin could not The penetration is not as strong as into 
a film of cholesterol In fig 7 are shown the curves for the effects of 
digitonm in two different concentrations on monolayers of cetyl alcohol It 
will be seen that there is strong evidence for a 2 1 complex, for at 40 A* 

the film suddenly liquefies and presumably the digitomn is ejected, leaving 
at 20 A* a film exhibiting all the characteristics of cetyl alcohol Digitomn, 
as has been shown, with films mixed with cholesterol, has an area of 40 A*, 
hence the mixed film of apparent area of 40 A* must contain two alcohol 
molecules to one of digitonm At 60 A* there is a possible break in the 
curve suggestive of the presence of an mistable 1 1 complex As m the 

case with cholesterol sodium cetyl sulphate complexes, the stability 
pressures are dependent on the bulk concentration of digitomn 

We are grateful to Professor O Blix, Uppsala, for permitting samples to 
be used of the ongmal Hammarsten preparations of bile acids, to Dr R 
Mathieu, Paris, for samples of stearyl-cholin and stearyl-dimethyl-ammo- 
ethanol, and to the I C I, Blackley, for a sample of psychosm chlonde and 
sodium cetyl sulphate 

Our thanks are due to Professor E K Rideal for valuable help and 
encouragement, to Dr W A Wooster for assistance m construction of 
two-dimensional crystal lattices, and to the Medical Research Council for 
a personal grant to one of us (J H S ) 


Summary 

Two new methods are described for investigating the process of penetra¬ 
tion of monolayers by substances injected into the substrate In one the 
monolayer is confined by a movable barrier and maintamed at constant 
pressure by means of a non-reactive piston fluid, the area change on in¬ 
jection being noted In the other an electncally operated Langmuir trough 
18 employed, the slide retammg the monolayer travelhng automatically 
so as to retam the monolayer at constant pressure dunng the process of 
penetration or ejection of one constituent 

It IS found that molecules containing nng systems such as digitomn, on 
penetratmg a rmg structure monolayer such as cholesterol form only 1 1 
complexes, a number of cases of specific penetration m these systems are 
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examined A saturated chain molecule such as sodium cetyl sulphate 
penetratmg a rmg structure monolayer such as cholesterol, forms all 
complex The surface pressure of the complex is found to be dependent 
on the concentration of the reactant m the substrate and to be m equi- 
libnum with it The difference in surface-free energies of formation of the 
complex with different bulk concentrations of reactant can be evaluated 
both from the surface-pressure differences as well as from the vanations 
in the bulk concentrations thus showing an experimental justification of 
Gibb’s Law and that the complexes behave as chemical compounds Other 
examples of this type were foimd to form complexes of composition both 
1 2 and 1 1 Saturated chain reactants, e g sodium cetyl sulphate on 
penetrating saturated cham monolayers, e g cetyl alcohol, form stable 
complexes of composition I 3 and 1 1, whilst an unstable 1 2 complex 
can be identified under certain conditions The rate of decomposition of 
a complex monolayer at constant pressure follows the ummolecular law 

The presence of 1 3 and 1 1 complexes giving sobd mixed monolayers 
with saturated chams and of 1 2 and 1 1 complexes with trans unsaturated 
chams suggests that the monolayer lattices of these complexes correspond 
to different “crystal” symmetries or types, and if this proves to be the 
case on crystedlographic exammation, Patterson’s classification appears to 
be applicable 

Marked differences, due to c»« and trans isomerism, are obtamed on 
penetration, supporting the concept of interlocking chains 
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Further experiments on olfactory conditioning 
in a parasitic insect The nature of the 
conditioning process 

By W H Thobpe, M A , Ph D 

From the Department of Entomology, Zoological Laboratory, Cambridge 

{Communicated by A D Imms, FRS —Received 14 September 1938) 
Introduction 

In the couree of a recent paper (Thorpe and Jones 1937 ) it was shown by 
means of expenments with an olfactometer of the Mclndoo type, that 
the parasitic ichneumomd, Nementis cawcacena (Grav), is strongly attracted 
by the odour of the larva of its normal host, the Mediterranean flour 
moth, Ephesha kuhniella (Zell) This response is an inherent one, and is 
manifested throughout the life of the adult parasite The insect can also 
be reared on the larvae of the closely allied genera of wax moths, Meltphora 
and Galleria Whereas the larvae of Meltphora exert no attraction whatever 
on parasites reared from Epheatia, they exert a quite definite attraction 
on individuals which have been reared from Meltphora or which have 
been exposed to contact with Meltphora larvae for a penod shortly after 
emergence from the cocoon Insects which have been treated m this way, 
when given the choice in the olfactometer between Meltphora and Ephestia, 
whilst still preferrmg the latter, show sigmficant attraction to the former, 
such that the jiroportion choosing Ephestia is reduced from 86 to 66 8 % 
It was concluded from these experiments that Nementie has an oviposition 
response to Ephestia larvae, but that an additional oviposition response 
to the odour of Meltphora, a response which is entirely lacking in the 
normal animal, can be conditioned by contact with the new host Such 
conditiomng can take place either in the pre-imagmal stage when the 
larva is feedmg mside its host caterpillar, or in the adult stage immediately 
after emergence It was shown that even though individuals reared on 
the abnormal host were isolated from all contact with that host immediately 
on emergence, they still retained the abibty to respond to the odour 
of the abnormal host in which they had been reared It was concluded 
[ 370 ] 
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that all these results could be interpreted as the establishment of a simple 
conditioned response to a new odour, and that conclusion has been con¬ 
firmed by the subsequent work which is descnbed m the present paper 
Many pomts of mterest needing further mvestigation arise out of the 
experiments summarized above The first of these is the question of the 
real nature of the conditionmg, and to answer this has been the chief object 
of the mvestigation here descnbed Besides this, an attempt has been 
made to determine more accurately the duration of the conditionmg effect, 
the effect of vanation m penod of exposure to the conditioning stimulus, 
and the facility with which the conditionmg of the new stimulus can be 
estabhshed at different ages Deconditionmg, or the exjxinmental extinction 
of the conditioning effect, has also been further studied, as well as the 
question of the insect’s response to its own odour and the bearmg of this 
on the problem of sujierpartisitism 


Methods 

The methods employed have been essentially the same as those descnbed 
in the previous paper, although vanous modifications have been mtroduoed 
to ensure greater accuracy The chief of these has been the equipment of 
the olfactometer with a pair of flowmeters of a simple standard tyjie One 
flowmeter is attached to the inlet tube of each arm of the olfactometer 
and the two are calibrated so that it is possible to ensure that an 
equal volume of air is flowing down each tube The level was usually 
adjusted to give a flow of approximately 600 c c /mm The meter itself 
IS illustrated m fig 1, which is self-explanatory As before the temperature 
and humidity were controlled at 26° C and 65-70 % relative humidity 
Although m previous expenments the air had been drawn through the 
apparatus by means of a suction pump, it was thought that better 
results might be obtained, and conditions might be more easily controlled, 
if instead of suction the air was blown through the apparatus from the 
compressed air supply The apparatus was accordingly fitted up to allow 
of this, bul although a considerable number of expenments were jier- 
formed with it, it was found eventually that the efficiency was not as 
great as with the suction type of instrument, the use of which was 
therefore resumed The fact that the pressure mstrument was less satis¬ 
factory was shown by control tests with normal msects given the choice 
Ephestia agamst “Blank” when the proportion choosmg the Epheatta 
dropped significantly The reason for this is* difficult to determine, but is 
probably concerned with the greater quantity of rubber tubing which 
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18 necessitated when compressed air is used Although the rubber tubmg 
employed was treated with hot acid and alkali and boiled to remove sulphur, 
it IS impossible to get nd of all odour This odour is probably a source of 
error, maskmg to some extent the odour of the host or substance which is 
being used in the expenments Certain 8 |>ecial methods which were adopted 
for particular phases of the work are descnbed below under the appro¬ 
priate headings As m the previous work the position of the attractant 



Fig 1 Diagram of flowrnotor Arrowa imlioato direction of air flow C = capillary 
tubing fused into flow tulie »S = millimetre scale 

was alternated from one arm of the apparatus to the other at each expert 
ment, so that m one half of each set of experiments the mam stimulus 
would be in the right limb and in the other half in the left In this way errors 
due to any unavoidable bias inherent m the instrument are eliminated 

I am indebted to my laboratory sissistant Mr P Bloy for his valuable 
help in designing and working apparatus and in maintammg stocks during 
the course of these expenments 

Nature op coNomoNiNG 

As stated above, the chief problem raised by the earlier expenments 
IS that of the actual nature of the conditioning which is obtained In 
Pavlov’s famous expenments the stimulus A, which is to be conditioned. 
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and which onginally does not cause any response, is offered simultane¬ 
ously with a second unconditioned stimulus B, which causes a distinct and 
specific response, the stimuli bemg reinforced, to use Pavlov’s expression, 
by the presentation of food When this process has been repeated 
several tunes an association is formed between the two stimuh, with the 
result that stimulus A will now alone produce the response, and a con¬ 
ditioned reflex is said to have been established That the state of 
affairs in Nementts is not so simple is evinced by the fact that modi¬ 
fication of the conditions of the larval life appear capable of influencing 
the oviposition response of the adult Now, in this case, there is clearly 
no association between two simultaneously presented stimuh since, of 
course, the insect does not become capable of laying eggs until after it 
has emerged from its host It appears therefore, that it is not a question 
of the direct association of two stimuli, but rather a <ase of what seems 
to be a general attraction exerted by an odour winch, m an earlier stage of 
existence, had been characteristic of the environment In our earlier 
experiments, this conditioning had been brought about, not only m the 
pro-imaginal stage, but also in the adult, as the result of close contact 
with the abnormal host on emergence from the pupa In this case, 
however the possibihty of an association being developed between 
two simultaneously presented stimuli, (1) the unconditioned stimulus of 
the presence of a host caterpillar foi oviposition and (2) the odour of the 
new host, could not be ruled out since the conditioning had been brought 
about by the simple method of placing the newly emerged parasites for 
a week or more m a jar containmg crumbled honeycomb densely infested 
with larvae and pupae of Mdtphara As explained in the Introduction of 
the previous paper, although normal Nementis are not significantly 
attracted by the odour of Meliphora other factors such as the texture of 
the cocoon, the movement and size of the host and so forth, come into 
play m eliciting the stabbing reflex and the actual laying of the eggs, and, 
if normal Nemertits females are confined closely with Meliphora larvae, 
a certain amount of stabbing will take plac'e and a small number of eggs 
will be laid Consequently, in these experiments, the possibility of an 
association between the smell of the new host and the act of oviposition 
had not been ruled out Therefore the first point to investigate was whether 
the adults could be conditioned merely by being exposed to the odour of 
Meliphora larvae without being allowed actual contact with them For 
this purpose a “conditioner” was constructed which consisted simply of 
a piece of wide glass tubing containing food and water for the parasites, 
through which is drawn a stream of air of constant humidity which has 
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Table I Responses of 200 iNDiviDtrALs of Nemeritib caneboenb 
(REARED FROM EpHEBTIA) TO LARVAE OF MelIPHORA IN OLFACTO¬ 
METER 


(Senes 1-9 with pressure olfactometer Senes 10-19 with suction olfactometer) 


Exp 


19 10 

Total 241 =608% 

Data from Table IVI 
of previous paper! 184 = 60 8% 
suction instrument | 


425 = 60 8% ^12=492% 

Standard error = -Jpqln = ± 1 73 % 


Total 

41 

39 

24 

23 
27 
20 
22 
19 
22 
26 

24 
24 
24 
26 
23 
22 
22 
26 
23 

476 
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837 


previously passed through a chamber densely packed with Meliphora 
larvae In this way the insects are ex}>o8ed to the smell of Meliplu/ra 
larvae without having opportunity of actual contact with them ThO results 
of these experiments are summarized in Tables II and HI It will be seen 
that insects treated in this manner for a week or more, and then offered the 
choice of Meltphora —“Blank” in the olfactometer, choose the Mehphora- 
contaimng arm a sigmficantly large number of times, namely 69 % This 
figure 18 very close to that given in Table VIII m the previous paper, and 
m fact 18 not significantly different from it From this it appears that 
the “conditioner” method of establishing the response is as effective as 
actual contact and, therefore, there is no reason to suppose that the 
occasional stabbmg and oviposition which take place when the insects 
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are m contact with the caterpiUarB play any part m the conditioning process 
It 18 seen, therefore, that the pre-imaginal conditioning and the imaginal 
conditioning can be regarded as being of precisely the same nature 


TaBL& II NkMEHITIS exposed to the ODOOR Ot MhLIPriOHA LARVAE 
FOR 1 WEEK AND TESTED IMMEDIATELY IN OLFAf IOMETER, MeUPHORA 

AGAINST ‘ Blank” 


No in 

Sorioa Mfliphnni 

No ann 

1 n3 = 6b4» 

2 74 = 63 2 

3 80 = "iB 0 

4 85 = 60 5 

5 101 = 5') 5 

6 128 = 04 1 

7 138 5» 3 

8 80 = 70 

'1 otiil tor Honiw 1 
587 - 58 "o 


No 111 
‘ Blank" 

arm lotal 

88 201 

43 117 

00 , 140 

83 168 

81 182 

71 1»» 

»5 233 

37 123 

0 (proHsim olfat(otmt< 
420 1013 

SB = + 1 68 


No of No 

ox|w insocte 

10 46 

4 (45) 

8 36 

8 24 

10 20 

0 30 

10 36 

0 30 


49 154 


Total loi BcriCK 7 and 8 (miction olfactometer) 

224 ^03% ><2 36t> 10 66 

s E =: + 2 66 

Total for seriea 1 8 

811=59% '>58 1369 66 219 

sp = ± 1 39% 

I”/* ^ 15 75 VV hen P = 0 06, is 14 067 


iSince it might be argued that the establishment of this conditioned 
response was dependent upon some slight similarity in odour between 
Ephestuz and Meliphora which are as pointed out above, closely related 
insects, it'was thought advisable to attempt to condition the para¬ 
sites to some entirely strange odour which could hardly have any 
significance for them For this purpose it seemed desirable to find some 
substance which normally exerted neither attraction nor repulsion, but 
unfortunately it has not yet been possible to find such a substance 
Prehmmary experiments were earned out employmg a number of different 
substances including ammonia, valenamc acid, butync acid, clove oil, 
cedar wood oil, camphor, allyl alcohol, isopropyl alcohol, and butyl alcohol 
The use of several of these proved impracticable owmg to their high 
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rate of evaporation, and of those which could be conveniently employed 
none appeared completely neutral Camphor was easy to work with, but 
gave very different results with slight vanations in concentration Under 
some circumstances it was strongly repellent, under others slightly attrac¬ 
tive, and for these reeisons its use was not continued Accordmgly, for 
the time being the attempt to hnd a neutral odour was abandoned and 
experiments were started to see if it was iiossible to condition Nementis 
so that they are attracted by a nou-toxic odour normally repellent to them 

Table III Comearhson o^ bfhaviouk oi< irNcoNomoNED NEUK/iiris 
WITH OTHERS EXPOSED TO ODOUR OK MkUPJlOHi iOR A PERIOD 
IMMEDIATELY AllTFR EMKROENUF FROM THE PUPA BoTH LOTS REARED 
FROM EpHJS%TU 

Mdiphorn “Blank” 

a b Total 

Unconditioned 425 = 50 8 % 412 = 49 2 % 837 

Netneriim* 

t, d 

oxpnscil to 811—69% 668 = 41% 13G9 

odour of Mdtphora 

Total 1236 970 2206 

* The hr«t set of hgurcM includes results published in Table IV of previous paper 

For this purpose cedar wood oil was found to lie fauly satisfattory f It is 
true that it is toxic in high concentrations, but provided the dose is not 
too great, and provided the insects are not allowed contact with the oil 
they will survive long treatments without suffering any apparent harm f 
Of course, as all investigators with olfactory stimuli have found, there 
IS very great difficulty in standardising the odour It is difficult, if 

t It ininht bo objocted that tho use of such a substance ns codar wood oil will 
not giv (5 information concerning the olfactory responses, since essential oils in general 
cause repulsion, not only by means of tho true olfactory organa but likewise by their 
irritating effect upon organs nonnally receptive of other types of stiinuh buch orgons 
are situated on regions of the bofly other than the antennae and perhaps also upon 
tho respiratory tract (Hartwell 1924 Valentine 1931) This objection however, does 
not seem to apply m the case of Nemerttie since insects in which the antennae have 
been ainputatfd while able both to feed and fly and otherwise behave m an appar 
ently normal manner are no longer repulsed by the odour of cedai wood oil but are 
as mdifferent to it as they are to the odour of their host (see Thorpe and Jones 1937) 
t For instance, prolonged treatment with tho vapour of cedar wood oil does not 
m the least dimmish the abihty of Nenieritia to respond to the odour of Epheatva 
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Table IV Nrmkhitis exposed to odour ok MhuvuoRA larvae for 

1 WEEK, ISOLATED iOR 2 DAYS AND TESTED IN OLFACTOMETER, MeTI- 
PUORA AGAINST “BlANK” 


No m 

Series Mehphnrn 

1 99 = 46' 

2 40 = 66 

3 29 = 42 

4 37 = 76 

6 73 = 62 

6 112 = 59 


No m 
“Blank” 
ann '1 otal 

116 215 

31 71 

40 69 

11 48 

66 139 

78 190 


No of No 

oxps insecUi 

in senes used 

11 30 

6 (30) 

3 30 

4 15 

6 30 

9 56 


lotal for H('ri<'8 1-3 (pressure olfactometer) 

168 = 47 4% 187 356 20 

s K = ± 2 65 % 

Total for senes 4-6 (suction olfactometer) 

222 = 50% 156 377 19 

SB = ± 2 67 % 

lotal for series 1-6 

390 = 63 3% 342 732 39 

a F = + 1 S6% 


60 

100 

160 


= 21 70 When P = 0 05, A!* = H 070 


1 or sonos 4-6 a;* = 8 932 When = 0 05, A;’ = 5 991 


Table V NsMuuTif, exposed to the odour ok Meuvuoua larvae for 

1 WEEK, THEN ISOLATED FOB 4 DA\S AND TESTED IN OLt ACTOMKTER, 
MeLIPHORA AGAINST "BlANK” 


Nenes Meliphora 


No in 
“Blank” 


3 


29 = 42 % 40 

48 = 63 43 

67 = 68 47 


69 

91 

114 


No ol No 

exps insects 

in senes used 

4 20 

5 20 

8 65 


Total tor series 2 and 3 (suction olfactometer) 

116 = 56% 90 206 13 75 

SB =±3 49% 

Total tor senes 1-3 

144 = 62 6% 130 274 17 96 

SB = ±3 02% 

-4 834 When/* = 0 06, a:* = 5 991 
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Table VI Nembhiiis exposed to the ododb ok Mkuphora laevab 

FOB 1 WEEK, ISOLATED FOB 6 DAYS AND TESTED IN OLFAOTOMBTEB, 

Meliphuha against ‘ Blank” 


Mo in 
Meliphom 

44 = 51)'»o 
44 - (i« 

46 50 5 

4H =. «8 
22 i 56 


No in 
“Blank” 

lii rn T’otal 

44 88 

21 67 

45 91 

21 72 

17 J» 


No of No of 
exps insects 

m senes used 

4 26 

5 20 

6 25 

5 15 

4 12 


205 = 57 4% 152 357 

SF = ±2 65% 


24 98 


lotal with M ri( M 2 and 4 roviSLcl (aw text p 379) 

163 = 537% 140 303 20 98 

SI = ± 2 87 % 

= 2 327 W hen /» - 0 05, x’ - 9 488 


not imposHiblt, (o inHiiro tliat ifie odontorous sulifetaiue is always 
present in a given sample of air m the same proportion and even if one 
smceeds in doing this, there arc difficulties due to the adsorption of the 
substance on the walls of (be apparatus There is consequently always 
bound to be a large erroi associated with experiments of this nature 
For conditioning the codai wood oil it was found more satisfactory to 
place the animals in a desucatGr, the lower compartment of which con¬ 
tained a inuslm pad soaked m the oil The insects were confined in the 
upjwr ('omj)Brtment which was separated from the lower by a gauze 
sc reen, and weie supplied with food and water For use m the olfactometer 
a piece of No 1 Whatman filter paper, 2 sq cm in area, was saturated 
with cedar wood oil and })laced m contact with the wall of the bait 
tube This simple method was found to give fairly satisfactory results 
Table TX (Exps 1-6) shows the re|)ellent effect exerted on iVemcrtfis by 
the odour of cedar wood oil It will bo seen that although there is some 
vanation, the results are fairly consistent and that the data are compatible 
with a hypothesis of homogeneity The summai-y of the figures shows that 
767n of the insects avoided the tube eontammg the oil In the next senes 
Table IX (Exps 7-18), the results of a total of U26 tests are given in 
which 300 msects were employed, which had previously been exposed to 
the vapour of cedar wood oil for a jienod of 7 days It will be seen that the 
projMjrtion avoiding the cedar wood oil is sigmficantly reduced, but that 
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no actual preference for cedar wood oil has been developed Although the 
tigures are in the neighbourhood of 60% the distribution is significantly 
different from a random one The insects have not become entirely in¬ 
different to the oil and < learly some trace of the repellent effect still 
remains 


Duration oi roNoiTioNiNo k>fe(T 

In the previous paiiei it was shown that the conditioning effect lasted 
over some days, although its exait duiation was not deteimined It was 
accordingly of interest t«> find c>ut how lapidly the extinction of the 
newly conditioned leflex takes place when the animal is isolated from 
the odour ot the abnotmal host Accordingly aftei iho (xUnn of Meltphora 
had been established as the conditioned stimulus by a week in the 
“conditionoi ” the insects were isolated and tested in the olfactometer 
Melipluyra against “Blank” at intervals of 2 days These results are 
Bummanzed m Tables IV-VI The hrst gioup of results m each of tlie 
hrst two tables conipiises ex|)6iinients with the less efhcient ty|>e of 
olfactometer In the second gtoup a suctional olfactometer was employed 
It will l>e seen from these that there is a diminution with age in the 
proportion which seek Mehphoxt 'I’he results given in these tables have 
been summarized in curve foim (hg 2) It will be seen that although 
fluctuation is considerable there is a gciunal tendency foi a falling-off in 
tlie conditioning cfleet of which but little tiacc appeals to i-emain aftei 
about the eighth day The slight peak in the* curves about the sixth or 
seventh day is notewoithy and ap|a*ais to be clue to a sort of facilitation 
The conditioning effect although reduced is not completely extinct and 
18 rapidly re-established when the insects aic again exposed to the cidour 
of Mehphora as is of course the case during a senes of runs through the 
olfactometer It was found that the higher figures for the sixth day 
(Table VI, senes 2 and 4) were mainly obtained towards the end of a senes 
of ex^ienraents If the first three experiments only of each senes were 
taken, the value dropfied vciy consicleiablv as is shown by the cuive 2B 
m which the last two of ea< h set ot luns aic omitted That the curves are 
not entirely regular is not suriinsmg Pavlov has noted that even with 
stimuli of exactly constant strength, and with constant enviionmental 
conditions, a situation which of couise cannot be duplicated m the case of 
experiments with odour, fluctuations m the course of exiienmental extinc¬ 
tion are often observed These fluctuations are of a rhythmic character 
and are evidently due to internal factors, and Pavlov expresses the 
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view that once a stimulus has become firmly conditioned it can never 
be completely extinguished and is always liable to recur It will be noticed 
also that whereas the figures m Table IX, senes 1-6, are all of reasonable 
homogeneity, those after conditiomng to cedar wood oil (senes 7-18 and 
Table X, 1-10) are much more erratic The reason for this is obscure unless 
It is due to accidental vanation in the degree of exposure of different 
individuals to what is after all a toxic substance It will be seen that there 
18 not this degree of variation m the msects conditioned to Meltphora 
with the exception of those used after 2 days’ isolation (Table IV) It is 

Table VII Nemeritis exposed to the odour of Meliphora larvae 
FOR 36-48 HR AND TESTED IV OI.FACTOMETER MfliPHORA AOAINST 
“Blank” afti-r VARyimi periods of isolation 



No m 

No in 

No of 

No 

Senes 

Meliphora 

“Blank" 


exps 

inst*tts 

no 

arm 

arm 

Total 11 


uml 

Exfienments cbrf'ttlj after removal fiom *'<onditionor’ 


1 

49= 60% 

32 

81 

4 

30 

2 

06 = 59 

45 

110 

4 

40 

% 

46 = 70 

19 

64 

4 

26 

4 

70 = 62 

42 

112 

3 

46 

Total 

229 = 62 5% 

138 

367 

16 

140 



SK = ±2 61 





Experiment after 24-36 hr isolation 



5 

47 = 50°,, 

47 

94 

4 

30 



8 > = ±6 16 

% 




Experiments after 48 hr isolation 



6 

31 = 48% 

33 

64 

4 

23 

7 

19 = 69 

22 

71 

4 

26 

8 

64 = 60 

43 

107 

4 

35 

Total 

144 = 69 6"^, 

98 

242 

12 

83 



SF =3 21% 




Experimenta after 4 days’ isolation 



9 

40 = 67% 

30 

70 

4 

24 

10 

77 = 66 

40 

117 

4 

46 

Total 

117 = 62 6% 

70 

187 

8 

69 



SE =±3 66% 




Experiments 

after 6 days’ or more isolation 


11 

18 = 62% 

11 

29 

4 

10 

12 

36 = 63 

31 

66 

4 

26 

13 

67 = 56 

44 

101 

4 

30 

Total 

110 = 66% 

86 

196 

12 

66 


E = ±4 77% 
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Table VIII Summary of figubks from Tables II-VII 

SHOWING EXTINCTION OF CONDITIONINQ EFFECT 


(N B Onlv result* of expenments with the suction olfactometer are included in this table) 


A Fxpa immediately) 
after conditioning [■ 
jicnod ) 

B Exps 48 hr afteil 
conditioning period ) 
(' Fxpa 4 days after) 
conditioning period | 
D Exps 6 days after) 
(onditloning period j 


No in 
MtUphnra 

453 H2K% 


232 -59 1 
273^54 6 


No in 

Blaiil ’ No of No of 

arm Total exiw miieits 


270 - 37 4 % 723 23 ItHI 


253 = 40 8 Ulft 11 183 

lBO- 40 9 392 21 144 

220-46 4 499 12 163 


Comparing w te A 


Sjap) a* for 

X pq P=0 05 

+ 186% 19 318 19 075 

L2 0I 14 837 11 070 

±2 52 - - 

i2 24 - - 

-0 05 ;i(«-3 84 F;0 01 


Table IX Experiments to nt iehmini- thp efipct on the responses 

OF NtMtHlTlS Of hXPOSUKf TO Tllf ODOUR Of ( EDAR WOOD OIL 



No in arm con 

No in 


No of 

No of 

Senna 

taming codui 

Blank’ 


(xpa 

inaectA 

no 

wood oil 

QTIll 

Total 

in aenea 

uaed 


Control exppiiinoiit witli iinconditionod 

maacts 


1 

0= 16% 

34 

40 

3 

21 

2 

23 = 31 

00 

73 

6 

36 

3 

61 = 26 

164 

206 

11 

22 

4 

9= 18 9 

40 

49 

4 

26 

5 

4 = 16 5 

20 

24 

1 

24 

6 

14= 16 

73 

87 

4 

30 

TotHl 107 = 22 4% 

371 = 77 6»„ 

47S 

29 

167 

HE = 

= ±2 29% =8 3750 

When/' 

= 0 06 x* = 

11 070 



W 





Kvpcriinonta with iiiaectH oxpoaod to 

odour of codai wood 

oil 


for 7 dnya and toatod iinnii iliately in olfactonu ter 


7 

60 = 47 % 

66 

106 

8 

32 

8 

25 = 36 

47 

72 

4 

20 

9 

12 = 39 

19 

31 

4 

11 

10 

2 = 18 

9 

11 

1 

11 

11 

60= 34 

130 

196 

17 

32 

12 

74 = 49 

77 

151 

10 

33 

13 

34 = 63 

30 

64 

4 

21 

14 

28 = 36 

49 

77 

0 

20 

If) 

38 = 41 

54 

02 

7 

20 

16 

28 = 68 

13 

41 

6 

11 

17 

69 = 66 

66 

126 

4 

40 

18 

83 = 62 

76 

169 

4 

48 

Total 809 = 46 5% 

010 = 64 5% 

1126 

74 

299 

H E 

= ±1B0% .Y* = 

pq 

WhonP 

= 0 06, x’ = 

19 766 


ConipAnng aenea 1- 6 with aenea 7-18 2 = ^ = 2* OS 

WhenP = 0 06.x’=3M» P<0 01 
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cunous that the peak of the heterogeneity should occur in both Mel%phora 
and cedar wood oil expenmenta at the second or third days It may perhaps 
indicate a rhythmic fluctuation m the process of extinction of the con¬ 
ditioning although much more extensive data would be necessary to 
establish this with certainty 

Table X Nsmeuitis exposed to the odour of (’edar wood oil for 

7 DAYS AND TESTED IN OLFACTOMETER AFTER VARYING PERIODS OF 
ISOLATION 

No in ann con No m No of No of 

Senes taming cedar ‘ Blank ’ expa insects 

no wood oil ami Total in series used 

.Vewerilm conditioned to cedar wood oil for 7 days 
and then tested after 1-3 days’ isolation 

1 34 = 42% 47 81 6 

2 2= 4 47 49 21 

3 62= 66 26 7ft 4j 

4 32= 36 7 66 87 61 

6 36= 47 39 74 4/ 

6 9 = 35 17 26 4 

7 49 = 46 59 lt>8 6 

8 48 = 61 30 78 4 

9 37 = 41 63 90 4 

10 66 = 37 111 177 5 

Total 364 = 43 484 = 57 % 848 44 

St = + I 72 % \» = = 64 53 When /> = 0 06 v* 

i>q 

K\f« nineiits afti r 4 dat s' isolation 
28 = 34 % 64 82 7 20 

36 = 51 34 70 4 23 

54 = 46 66 120 4 35 

44 = 41 63 107 4 33 

Total 182 = 42 8% 217 = 57 2% 379 19 111 

s F = ± 2 67 % y* = - 4 999 when P = 0 06 y‘ = 781S 

pq 

Experiments after 6 days isolation 
27% 37 61 4 16 

49 66 108 4 36 

36 46 72 4 22 

40 5%, 138 = 59 6%, 231 12 72 

y* = = 7 524 When P = 0 06, y‘ = 8 991 

m 

Kxiicriment after 20 days’ isolation 

18 10=18% 46 = 82% 66 4 18 


16 14 = 

10 63 = 

17 26 = 

Total 93 = 

s F = ± 3 29 “o 


11 

12 

13 

14 
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Effect of varying lengths of exposure to the new stiihulus 

It became obvious in the course of the 1936-7 work that considerably 
shorter exposure than 7 days would result in a conditioning effect Vanous 
casual observations had, however, showed that a [lenod of a few hours 
was not sufficient to produce any effect at all, and consequently a few 
expenments were earned out to determine what was the actual length of 
time m the “conditioner” neoessary to produce a measurable result 
Although the number of exjieninents has not been very great, it seems 
clear from the results shown in I'aliles IV-VIT that a conditioning period 
of 36 hr gives approximately the same degree of response to Mehphora 
as does a jieriod of 7 days A few lots of insects (onditioned for this 
short time were then isolated and then lespcmses tested at intervals 
From this, see Table VTl, it appears that theie is no sigmhcant difference 
in the rate of extinction of conditioning These results are also summarized 
in fig 2 

Facihhf of coiKhUnmng at (hffer€.nt lujes 
From general considerations one might perhaps exfiect that freshly 
emerged insects would be more readily conditioned than older individuals 
It does not appear howevei, that the ability to bee ome conditioned to the 
new host decreases to any great extent with ago, piovidod of couiso that 
the insects are still in a healthy and active ccmdition While the figures 
given in Table XI do show a lower propoition aflracted to Mehphora 
when compared with Tables II and Vll the difieiome is haidly signi¬ 
ficant 


Tablf XI ExPKniMi-Nrs to ti-st lire responsI'S or borty-uve indi- 
viutiALS or NhMb.niiJs isoLArm until hie age ot 14 days and 

THEN (’ONPITIONUI TO MhLIl IlOhA FOB 48 HR 


Exp no 
1 
2 
1 
4 

r> 

« 

7 

8 


Meh phot a 
If 
18 
10 
12 
li 
21 
18 
1(1 


“Blank ” 


12 

14 

12 

11 

13 

10 

11 


Total 

20 

30 

24 

24 

34 

34 

37 

27 


Total 131 = 57 % 90 = 43230 

HK ±3 29% 
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Fio 2 Curves showinR rate of extinction of conditioning effect (Diagram sum 
marizing figures given in previous tables ) 

C-onditioning to larvae of Meliphora 

(1) —X— Average proportion attiacted to Meltphora before and after a period 
of 48 hr exposure to odour Results for all experiments with suction olfaoto 
meter 

(2) —O— Average proportion attracted to Meliphora before and after a period 
of 0 days’ exposiiro to odour Results for all experiments with suction olfacto 
meter (a) all results, (h) omitting last three runs of senes (for explanation 
see text, p 379) 

(3) —•— Curve for results of oxpeniiunts with both snetion and pressure 
olfactometers 

Conditionmg to cedar wood oil 

(4) —Average proportion repelled by odour of cedar wood oil before and after 
a penod of exjiosure to the odour 


Dkconditioning 

Tt waa shown in the previous work that if insects whioli have been reared 
on Meliphora are subsequently deconditioned by contact with Ephestia, 
the effect of the }ire-unaginal environment, although reduced, is not entirely 
removed There is in fact a kind of residual effect which still results in a 
sigmficantly greater proportion of individuals seeking the Meliphora, even 
when offered in competition with Ephestia If Meliphora only is offered 
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m the olfactometer then decouditiomng has no effect m reducing the 
influence of the larval environment, and the tendency to enter the arm 
oontammg the Meltpkora rather than the blank arm is just as great 
as if the insect had never been in contact with the Ephestia To test 
whether conditioning m the adult stage is as stable as conditioning 
established during the pro imagmal life a similar experiment was per¬ 
formed, in which, after a week’s exposure to Mekphom m the conditioner, 
insects were subjected to the odoui of EpheUta and then tested Mehphora 
agamst “Blank” The results of this experiment are shown in Table XIT 


Table XII Experiments to show the responses ot ninety individuals 
OF NhUAlllTIS EXPOSED TO THE ODOUR Ob Muil’HOU I FOR 48-72 HR 
AND THEN TO THAT Ob A’lHESl/l bOR 12-24 UR, WHEN lESTED IN 
THF OLbAlTOMbTER Mnnnorn AOAINST “Br,ANK” 


Exp no 


2 


5 

0 


in 

11 

12 

n 

14 

If. 

Its 

17 

18 

19 

20 
21 


Total 


Mih/ihotn ‘ Blank” lotnl 

4 4 S 

2 4 0 

f. 2 7 

I 2 7 

*1 a 8 

4 2 0 

14 12 20 

If. n 28 

10 14 30 

17 11 30 

10 IS 28 

11 8 21 

7 a 12 

15 11 32 

15 12 27 

22 17 19 

11 8 19 

13 12 26 

9 9 18 

14 8 22 

13 10 23 

230 = 54 6 % 192 = 46 6 % 422 

s F ± 2 43 % 


It Will l>e seen by eomi>aiison with Tables IT and VII that the proportion 
attracted to Mehphma has been considerably reduced, indeed it is not 
sigmficantly different from the controls (Table I) From this one concludes 
that the effect produced by post-imaginal treatment in the ‘ conditioner ” 
IB not so stable as that resulting Iruin rearing on Mehph<»a 
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Response of Nsmbritis to its own odoub 

As recorded m the previous paper, super-parasitism is quite frequent 
in Nementts when confined in a small space with a limited number of 
hosts The efficiency of the parasite must, under certain conditions, be 
greatly diminished by this tendency, since never more than a single 
individual is able to come to maturity m one host It is known that some 
parasitic msects can avoid laying eggs m a host which has already been 
parasitized by a member of their own sjiecies Salt has brought forward evi¬ 
dent 0 tliat this ability to avoid already parasitized hosts is (to some extent) 



Fia 3 Modification of olfiviUnncUir to t.c«t ro»pons*» of Menwrilm mncwcns to odour 
of its own spooioH iV = tube containing living NemenCm T =- tru]i A similar jot 
IS fitted U) till' othi'i arm but tube N is loft einjity The insects whii h liavo passed 
through the olfactoini tei arr> tmp|s d in the tulie T out of the air stream and thus do 
not contammato it with thoir oilonr Airows indicate direction nf air How 

dependent upon smell ovipositing females being i efiellod by the odour linger¬ 
ing on the surface of the host for some tonsiderable time after oviposition 
Previous expenments on Nerneritu, although not siieiihcally designed to 
this end, did not give evidence that any such repulsion was oct urnng To 
investigate this matter by means of the olfactometer is not easy, since 
as soon as any of the Nentenhs have entered the two traps the air stream 
m both arms will for the remainder of the exiieriment be contaminated by 
their odour Accordmgly a modification of the apparatus was made 
(fig 3) whereby the trap itself is isolated from the stream of air, so that 
the presence of Nemenhs in the trap does not vitiate the rest of the 
expenment As shown in the diagram, the air stream is introduced at 
the Bide by means of a small jet through which the air passes direct into 
the Y-piece of the olfactometer tube Insects ontenng one of the arms 
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of the olfactometer pass the aperture of the jet on their way into the 
trap and are there held m what is, as it were, a backwater of the stream, 
80 that they do not contaminate it With the apparatus arranged in this 
way, the air commg down each arm is first rendered attractive by being 
passed through a tube containing a single EpheHta larva and m one case 
it IS also passed through a chamber contammg a large number of Nementts 
As shown in Table XIII the result of putting Nementis through the olfacto¬ 
meter under these conditions is that, far from being rojiolled by the odour 
of their own species, Nermnht show a signihrant attraction to that arm 
of the instrument in which they encounter the odour of their kind It 
was found advisable to include the odour of Ephfjiim, in each stream 
Without the presence of the Ephesfm smell ui both arms the experiments 
wore hindered by the slow rate of progress of the Aeweri/i? which tended 
t/O accumulate in the region of the Y-piece and so render results less 
reliable 

In the case of an inscit with bisexual nprodiution, this attrai tion to 
the odour of the spedes would be comprchonsiblc as facilitating the 
meeting of the sexes In the case of an exclusively parthogenotic animal, 
such as Nemenifi apparently is an explanation is not easy to find * Most 
probably it is a survival from the period when nmlcs were of regular 
occurrence and still had some signitu ance in lepmduction Under present 
conditions it would seem that such a response would be disadvantageous 
to the species, in that it would tend to iiHrcaso suporparasitism One 
must remembei however, that eve n though the msec ts tend to ac t umulate 
in the same general region, it does not follow that the same attraction is 
operative when oviposition is taking j)lace It is cpntc* conceivable that the 
ovipositing female would leave a distinctive odour upon the surface of 
the host, or food material of the host, whidi would have the effect of 
repellmg another individual of the same species 

It might bo thought that this tendency to association with their own 
kind would render the previous lesults obtained by the use of the olfacto¬ 
meter less reliable, m that it would tend to accentuate the swing to the 

* It m possible that association Is tw'iH'n inilivKhials of th< same species may bo 
of value in insects, iis m birds, in pro\ iding exteroceptive si nnuli I ho two groups 
arc sinulai in that the evolutionary tondonoy of both may b< considered as moving 
in the direction of perfection of instmctivo b< bai lour rather than making the ready 
adaptation characteristic of the development of mammalian behaviour The com 
panion or the mate may supply visual, olfactory or other stimuli necessary m 
order to live more or lees fully (of Fraser Darling, pp 103-6) But knowledge of 
insect psychology is still far too imperfect to allow of any profitable general 
diBcussion of such a subject at present 
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TaBLK XllI ExPKRIMBNT to show the responses op 130 INDIVIDUALS 
OP Nemkhitis to the odour op their own species 


Odovir of 

Exp Nementis m 

no air stream ‘Blank” 

1 U 12 

2 IB « 

J 22 24 

4 14 10 

5 11 n 

() 2S 22 

7 12 7 

S B 12 

'I 12 13 

10 21 14 

11 14 9 

12 14 10 

n H 10 

14 14 7 

16 IB 9 

16 19 10 

17 18 14 

18 14 « 

19 10 8 

20 23 11 

21 II 13 

22 13 8 

1 otal J38 = 57 4 % 261 = 42 6 % 

s E = + 2 00 % 


Total 

24 

25 
40 
24 
24 
50 
10 
21 

26 
35 

23 

24 

25 
21 
25 
29 
12 
20 
18 
34 
24 
21 

680 


(N B In tlid tHS( of < xpx 17-22 the odour of Ap/MwPa 
was included in both lur stroams) 


l«)sitivo arm of the aiiparatus In prattuc, however, it seems that this 
innnot have any appreciable inHuemc on the results, for in almost every 
oxpenment there are one or two individuals which pause in the region of 
the Y-piece, and of course even in the control expeninents with Bphestia 
there are always a certain number that hnd their way into the trap on the 
negative side Consequently, throughout the duration of almost all the 
experiments, both air streams must have boon eontaminatod with the smell 
of Nementis so that any clfet ts due to this would cancel out 


Attractive NESS op the web 

The fact that oviposition takes place more readily if the host insect is 
within its cocoon, or hidden in flour contaminated with the silken webbing 
of the larvae, has been commented upon m the previous paper It was also 
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shown that the stabbing reflex could readily be called forth by the odour 
which 18 retained by a surface over which the host larva has walked, or 
by the presence of the web of the larvae alone In fact, the web and faeces 
will often give rise to the stabbing reflex more readily than will a clean 
host larva itself Accordingly it was interesting to determine whether 
the same effect operates at a distance Whether, in fact, the odour of the 
web and faeces is more attractive to Nementis than that of the host itself 
To test this, individuals of Neme.nh'i were put thiough the olfactometer, 
Kpheatta larvae bemg placed in one of the bait tubes, web and faecal 
material of Epheatia only in the other As will be seen from Table XIV, 
the results were conclusive and showed that, as far as odour at a distance 
is concerned, it is primarily the scent of the larvae themselves which is 
the attractant It appears that only where actual contact is involved 
does the web rival the larva itself as a stimulus 


Table XIV Experiments to show responses of tvventy-i-ive indi¬ 
viduals 01' unconditioned NbUEIUTH, RKAEPD I'ROM Epuesth 
WHEN given the CHOICE BETWEEN CLEAN EmESTlA LARVAE AND 
WEB AND FAECES OF EpUFSTIA LARVAE IN OLFACTOMETER 


Web and 

bxp Cl*an larva of fao<<'Hof 

no EphrMia hplu'siui 

1 » « 

2 10 6 

3 117 

4 14 4 

5 13 4 

0 117 

7 10 8 

8 U 6 

0 II 4 

10 8 7 

lotal 110 = 65 6% 58 = 34 6% 

SB = ± 3 86 % 


lotal 

15 

16 
18 
18 

17 

18 
18 
19 
15 
15 

168 


InHERITANC E OF AC’QUlEED CHARACTERS 

In the previous paper it was shown that reanng Nementia on Meltphora 
for eight generations had not resulted in any significant augmentation of 
the proportion choosmg Meliphora as compared with the first generation 
In other words, the experiments hitherto jierformed gave no defimte 
evidence of the mhentance of acquired characters Since that paper was 
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published, reanng work has been continued up to the eleventh generation, 
still without observing any significant increase It was accordingly assumed 
that a Lamarckian effect was not operating and this particular line of 
investigation dropiied 


CORRKCTTON 

In the previous jiaper, 'I'able Xlll contained an anthmetical eiror The 
calculations m this table were regarded as showing a significant difference 
between the responses of Nemertht reared from Eplmtia and those reared 
from Mehphora, when given the alternative Ephestm —“Blank” Actually 
on the figures given the differences are not significant, although further 
work has shown that the figures for Ephesiui m the first line were distinctly 
on the low side Extension of this line of investigation has shown that 
a significant difference does in fact exist, although the previous figures 
published had not reached the level of significance A revised table 
(Table XV) is therefore given This confirms the results which were based 
in the last paper on insuftic lont figures, and shows that the final conclusions 
need not bo modified in any uay 


Tabli!, W For fxpianaiion sit rKXi 


Xemfritig i 
Nemeritig < 


.“lOB- 90 9", 
298 = 84 5 


< hpli-ealia 
X Mehphora 

Total 8«7 
j (arf —6<)’A' 

■^(rt + fe) (r + d) {a + ,)(h + d) ' 


'i? - 0 J "o 
IS = 15 5 % 


Total 

H26 

363 

979 


Discussion 

The term conditioned ” is perhajis an unfortunate one Pavlov when he 
sjieaks of an “unconditioned reflex” clearly does not mean a reflex which 
has no conditions, he merely means an inborn or natural reflex, whereas 
a conditioned reflex is one that has a special or artificial condition 

The term ‘reflex” is also open to certain objections and, as Laird has 
shown, IS used by Pavlov in such a loose manner that it means nothing 
more than ‘ ‘ response ” or “ reaction ” Discussion of the exact connotation 
of the term “reflex” would, however, be out of place here, and the 
expression “conditioned”, while unsatisfactory m some ways, has of 
course come to stay What interests us at the moment is how far the 
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expenments here described can be regarded as examples of reflex con¬ 
ditioning m the stnct sense of Pavlov 
There are several striking examples of stnct expenmental conditioning 
of the responses of insects, which show how adaptable the nervous system 
of these ammals is, and which indicate that essentially the same laws 
must be governing the establishment of their nervous responses as are 
operating m the case of vertebrates (vi? the famous expenments of von 
Fnsch on bees and those of Turner on the cockroach) The fact that in 
comparatively few expenments have olfactory responses been the subject 
of critical mvestigation does not really bear on the matter Indeed, very 
little has been done with olfactory responses even m vertebrates, the 
reasons being primarily the diflhculty of tontrol owing to the problem of 
adsorption and the difficulty of standardisation of odours But what 
work has been done by Pavlov and others has shown that olfactory 
stimuli may be conditioned in exactly the same way as visual, tactile and 
auditory stimuli What is remarkable about the results here described is 
that although there is clearly no objection to referring to the process as 
“conditionmg”, the method whereby the conditioning is brought about 
appears very different from that employed in the classical work of Pavlov 
and his school In those expenments it was the simultaneous or nearly 
simultaneous presentation of two stimuli, A and B, the natural and the 
artificial, which by contmual reinforcement resulted in the conditionmg 
of the stimulus B Here there is no such simultaneous association It 
appears at first sight to bo merely a sort of “becoming aware” of a new 
odour Although there do not seem to be on record any experiments showing 
exactly the same phenomenon, the strikmg observations and experiments 
by Forel and Miss Fielde on ants and the careful work of Brun bear 
very closely on the subject It will be remembered that the hostility of 
ants 18 apparently aroused by any ant odour which a given worker has 
not encountered mdividually As a result of this the mixing of two colonies 
of the same species of ants frequently results m combat to the death, and 
the same applies to the mixmg of two or more species or genera If, 
however, mdividuals arc taken from two nests in the pupal stage and are 
placed together in the formicary they will hatch out and live amicably 
together In this way it is possible to estabhsh artifiiial associations or 
aUiances composed of two or even three distmct genera The same result 
can be brought about by mixmg adult workers provided the imtiaJ penod 
of strife can be got over It appears from the most interesting accounts 
of Forel and others that after a penod of hostility the ant as it were 
becomes reconciled to the new smell, or aware of a familiar component 


Vot cxxvi B 
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m it, and the hostile reactions which are at first called forth are thence¬ 
forward inhibited From the results of Miss Fielde it seems that the 
odour 18 “inherited ” from the queen, who retains it unchanged throughout 
her life All workers reared from eggs produced by a given queen are 
famihar with and will accept, or m other words are “conditioned to”, 
that particular odour The odour of the workers changes, however, as 
they advance in age, so that if workers from a smgle nest are isolated the 
change becomes great enough to evoke suspicion m about 40 days It 
follows from this that throughout the course of the long hfe of a worker 
ant the conditioning to olfactory stimuli must bo gradually changing, 
although the basic lesponse to the unchanging odour of the queen 
remains There are many experiments which confirm this, but space 
18 lacking to discuss them here the reader is referred to Forel’s famous 
work “Le Monde Social des Fourrais du Globe” and to the papers of 
Brun It 18 however worthy of note that Miss Fielde described some 
expenments with a mixed colony of three genera of &ni%- -Camponotwi, 
Formica, Aphaenogaater —reared from the pupal stage, which after living 
amicably for about 6 weeks were then separated into their constituent 
genera Six months later they fought to the death if mixed again, but if 
recently emerged workers from eggs of the original Camponotua queen were 
put m with the Formica, 7 months after the original separation, they were 
accepted In other words those Formica recognized the ant odour of another 
species once familiar to them after 7 months of separation 
It seems clear, theiefore, that the process which is takmg place m the 
expenments with Nemenhi and that which is proceeding m the course of 
the life of an ants’ nest, and m the experimental establishment of com¬ 
pound ant colonies, is essentially the same It is a sort of “becoming 
accustomed to ” a new odour constituting part of the environment but not 
specifically associated with a particular unconditioned reflex 

How then can such results be accounted for* It might at first sight 
be thought that it was merely a fatigue of the sense organs which was 
mvolved, but a moment’s reflexion will show that this could not be the case, 
for even in the exfienmonts with Nementu the duration of the effect is 
much too long To imagine that it could also explain Miss Fielde’s results 
IS absurd We must therefore seek for some way of bnngmg such phe¬ 
nomena into line with the classical work on conditioned reflexes There is 
an important difference between the observations of Porel and Miss Fielde, 
and the expenments here descnbed In the one case a new stimulus at 
first arouses mtense hostility, whereas m the other the new odour at first 
calls forth no response and is apparently unrecognized 
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As far as the Nementta expenmonts are concerned there seem to be two 
alternatives Firstly, an explanation might be sought on the lines of 
Pavlov’s observations on the differentiation of two closely allied stimuh, 
on the assumption that the odour of Meltphwa has some element in it 
which 18 also a constituent of Epheatm odour but which is masked by a 
neutral odour, and that only after a period of training is the parasite able 
to differentiate the two components and so respond to the familiar part 
of the Mehphora smell Such obscuring of one odour by another is 
well known to workers on olfactory responses, and it would seem might 
account for the primary lack of response to Mehphora Pavlov himself, 
when discussing the differentiation of two closely allied musical tones to 
one of which a conditioned reflex had become firmly established, states that 
it 18 possible to regard stimuli neighbouring on a definite positive con¬ 
ditioned stimulus as bearing two asfiects, one of similaritj' to and the other 
of difference from, the positive conditioned stimulus On account of the 
element which is in common these neighbouring stimuh tan act similarly 
to a positive conditioned one, it is the presence of the second factor of 
difference which determines a teniporaiy investigatory reflex bringing 
about external inhibition of the excitatory effect It is thus noticed that 
when a new stimulus (the neighbouring musital tone) is tried for the first 
time the conditioned reflex which results is freciuontly much weaker than 
that obtained with the original conditioned stimulus On repetition of the 
stimulus of the neighbouring tone—always of course without re-enforce¬ 
ment, the effect mcreases until it becomes equal to that given by the 
origmal stimulus But subsequently on further repetition it begms to 
dimimsh, falluig finally to a permanent zero 

While the experiments with the odour of Mehphora might possibly be 
interpreted on some such lines, it is difficult to imagine that those with 
the cedar-wood oil could also yield to tlie same analysis, for it is improbable 
that there is any familiar element in the odour of the cedar wood oil and 
of course the theory fails entirely to account for the case of the ants 
It must- however be admitted that the cedar wood oil experiments are 
unsatisfactory, m so far as the substance normally exercises a repellent 
effect and even the maximum of training only results m a dimmution of 
this effect it does not produce a positive response 

The second alternative mvolves the possibility that the new stimulus, 
whether or not associated with any one clear-out reflex response, is m 
general associated with conditions of a more or less optimum or, at any 
rate, a satisfactory environment It does not seem at all surprising that 
an insect, or any other animal, should become attracted by an odour or 

26 2 
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other stimulus which has been associated over a considerable period with 
the environment in which it has lived securely The insects in the “con¬ 
ditioner ” are associated with their own species to which they have a defimte 
positive attraction, they are supphed with food m the form of honey and 
sugar or dned raisins they have ample water supply m the form of 
a moist pad, and the temperature and humidity are approximately at the 
optimum It does not seem very astonishing that after a penod under such 
conditions they should show a positive re8|)onse to the characteristic 
odour which has been associated with that environment, and if this is so, 
the attraction to Meliphora is not specifically an oviposition response If 
it wore possible to find an “artificial” odour to which the untrained mseet 
18 completely indifferent and then as a result of training secure a positive 
response to that odour, we could regard this theory as well substantiated 
But unfortunately the prospects of obtaimng such conditionmg do not 
appear very bnght In the first place it has so far proved impossible to 
find an odour which is absolutely neutral and there are the mvanablo 
difficulties of standardization of the stimulus with which all workers on 
olfaction are famihar The alternative line of attack would be to compare 
the responses of insects exposed to the given olfactory stimulus as a com¬ 
ponent of an optimum environment with those exposed to the same stimulus 
in an unfavourable or less favourable environment Unfortunately it is 
difficult in the present state of knowledge of insect physiology and ecology 
to devise an expenment which would give an unequivocal answer, and 
there the matter must for the moment be left But short of actual proof 
it seems that the balance is strongly in favour of this second hypothesis 
Not only does this account for the pre-imaginal conditioning which the 
other certainly would not do, but it also accounts admirably for the results 
of observations and experiments on the ants Moreover, it does not rule 
out the action of the first hypothesis in certam mstances It seems that 
it would be of the greatest mterest to test for the existence of such a 
“becoming aware” of a new odour as part of a generally favourable 
environment in a higher animal more suitable for exact expenmental work 
If conditioning of this new type is generally occurrmg among insects it 
makes plain many strange anomalies concemmg the effect of the pre- 
imagmal environment on certam of the responses of the adult, and it 
throws hght on many remarkable instances of insects colomzmg new hosts 
and on many cases of apparent adaptation to new environments 

In conclusion, as a piece of pure speculation, perhaps we may consider 
for a moment the bearmg of this subject of pre-imagmal olfactory con- 
ditiomng on the problem of the ongm of the Holometabola Among the 
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Exopterygota it is rare for there to be any sudden change in food or the 
environment generally, on the completion of the final moult Consequently 
the responses associated with egg laying are usually of a rather simple 
type and may, for example, consist of little more than a tendency to 
insert the eggs m soil or, m the case of phytophagous species, m or on 
the tissues of plants on which the insect hapjiens to be feeding But one 
of the chief problems encountered in the course of evolution of the more 
advanced type of holometabolous life history must have been the adjust¬ 
ment of the oviposition reactions to ensure the placing of the eggs m the 
appropriate situation when the divergence between the larval and imagmal 
environments which is c haractenstic of tlie Endopterygota was bemg 
brought about Possibly the first and most fundamental step m this 
direction was the specialization of part of the general associative mechanism 
of the bram to form a special associative mechanism whereby the chief 
stimuli characteristic of the larval environment, probably in the first 
place odour, became specifically linked with the nervous reflex mechanism 
of oviposition Once this jtrimary adjustment had been made the way 
was open to more and more specialization of the larval and adult feeding 
habits, resulting in the ever widening divergence which has resulted in 
the Endopterygota being the dominant insects that they are Although 
there is little doubt that many if not most of these responses are now 
inherent and natural reflexes it is not jierhaps surpnsing if the same general 
associative mechanism is still present in ontogeny and able to manifest 
Itself as in Nemenhs in the absence of the special stimuli provided by the 
presence of the normal host 

The probable evolutionary importance of such conditioning in providing 
a first biological barrier separating the members of a species mto different 
groups, in such a way that modifications of genetical origin would be 
conserved, has already been mentioned m the previous paper and need not 
be discussed again here 

To indicate the importance of the study of physiological isolation it is 
only necessary to quote Dobzhansky who refers to “the appallmgly 
insufficient attention that the problem of isolation has received m genetics ” 
and expresses the opmion that the mode of ongm of the vanous isolating 
mechanisms at work m nature is as yet little understood 

Summary 

1 In a previous paper (Thorpe and Jones 1937) it was shown that 
the ichneumomd parasite Nementm canesctns (Grav ) can be induced to 
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develop a positive response to the odour of an abnormal host {Mehphora 
grisdla) by reanng it artificially upon that host It was also shown that 
this effect was due, in part, to the influence operating dunng the larval 
life and, m part, to the contact of the newly emerged adult parasite with 
the host larvae In the lattei (ase, if the parasites are closely confined 
with the host larvae, a good deal of tentative stabbing with the ovipositor 
takes place and a few eggs may be laid There is, therefore, an opportunity 
for an association to be estabhshed between the act of oviposition and the 
odour of the larvae In the former case, of course, no such association can 
be established, so that a conditioned response produced by influences 
during the larval life cannot bo a simple reflex association with the act of 
oviposition, but IS rathei something in the nature of a “becoming aware’’ 
of a new factor as part of a favourable environment The only comparable 
behaviour known m insects appears to bo that described by Forel, Fieldo 
and others m vaiious species of ants The primary object of the oxpenments 
described m the present paper was to elucidate the nature of the conditiomng 
process m Nemfrihs 

2 Adult Nemmtis reared from the normal host (Ephestia) wore confined 
immediately on emergence in an apparatus through which was pumped 
a stream of air which had passed over a numbei of living Mehphora larvae 
In this way all possibility of direct association between the odour of the 
host and the act of oviposition was ruled out Nevertheless, when tested 
in the olfactometer these insects showed just as effective a conditioning 
as did those actually confined in contact with the host 

3 The reaction of Nemenhs to the odour of various c hemical substances 
was exammed Cedar-wood oil was found to be a convement substance 
for the experiment The odour of this oil is repellent to the normal insect 
If however the Nemenhs is exposed to it m an air stream, as m the above 
experiment, a high degree of tolerance is produced without m any way 
mjunng the animals 

4 Within certam limits vanatioii in the period of conditiomng does not 
alter the mtensity of the final effect Thus 24-36 hr m the conditioner is 
as effective as 6 days’ exposure 

6 The effect of conditiomng both to Mehphora and to cedar wood oil 
IB greatest immediately after the period of exposure On subsequent 
isolation it decreases rather irregularly and approaches zero after a penod 
of approximately 10 days 

8 There is no definite evidence that younger insects are more readily 
conditioned than older ones 

7 It was shown that contact with Epheaha after conditionmg to 
Mdxphora reduces the attractiveness of the latter insect 
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8 A modification of the olfactometer was made m order to test the 
resjionse of Nemerttis to the odour of its own species It was shown that 
the odour of Nemeritis exerts a shght attraction on its own kmd 

9 Previous observation showed that the parasite lays eggs more readily 
in larvae covered with webbing and faeces than in clean larvae Experi¬ 
ments in the olfactometer m which clean Ephestm larvae were offered as 
bait in one arm as against webbing and faotes without any larvae m the 
other, showed that this does not apply to perception at a distance As 
far as odour alone is concerned the larvae themselves are far more attractive 
to the parasite than is webbing and faetes 

10 The oxpenments have given no su])port for the theory of the 
mhentance of acquiied characters 

11 Attention is drawn to an arithmotic al erroi in a table published 
previously A corrected table is published 

12 It 18 concluded that conditioning in Nementis is not a simple associa¬ 
tion between the experience of a given constituent of the environment 
(e g odour) and the calling forth of a single specialized response (e g 
oviposition) It 18 rather the association of the given constituent with 
a favourable environment as a whole not a particular element of it, giving 
rise in this way to a positive response whic h will tend to keep the parasite 
m the type of environment m which the host itself occurs It seems that 
a similar concept provides the only satisfactory basis on which to explain 
various well known observations on the behaviour of ants 
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The Croonian Lecture 
Processes of urine formation 
By A N Riohaeds 

{Lecture delivered 30 June 1938 —MS received 30 September 1938) 

I know of no higher honour which can come to an American laboratory 
than that which is imphed m the invitation to a member of its staff to 
deliver a Croonian lecture before the Royal Society The obligations which 
acceptance entails are heavy, particularly so in the present instance, m- 
asmuch as the foundations of knowledge concemmg the subject of which 
I am to speak have been laid by past fellows of this Society and its chief 
developments have been made by their successors In accordance with the 
terms of the Council’s mvitation, what I shall have to say is based upon a 
senes of connected studies* which have been in progress m the Laboratory 
of Pharmacology of the Umversity of Pennsylvania for more than twenty 
years and is the product of a succession of collaborations which it has been 
my pnvilege to enjoy 

It seems necessary to begm with a description of the structures which 
compose the kidney In the latter half of the seventeenth century crude 
conceptions based upon gross observation of the structure of the kidney 
began to be corrected by more minute study The Florentine anatomist, 
Bellmi, m 1662 showed that the striations which are apparent to the eye 
when the kidney is sectioned are not fibres, as had been supposed, but are 
actually minute tubes Four years later, Malpighi ( 1666 ) discovered that 
m the cortex, associated with Bellini’s tubes, are minute ^obular struc¬ 
tures (“glandulae”) in which thb finest divisions of the renal arteries 
appealed to terminate He could not demonstrate a connexion between 
these and the tubes, but from the deductions of reason became convmced 
that the two structures must be contmuous, that urine is formed withm 
the “glandulae” and conveyed mto the jielvis of the kidney through the 
tubes This conception, accepted and developed by some of his successors 
in the following century (Schumlansky 1782 ), was emphatically demed 
by the foremost authonties of the first third of the nmeteenth century 
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Johannes Muller and hia contemporary, E H Weber, searched for but 
could not find evidence of the continuity which Malpighi suggested 
Muller wrote in 1830, “Omnia quae Schumlansky de ductuum unmferonim 
decursu exposuit, praestantissima sunt et mirum quam bene in tarn parvis 
observationis praesidus observata, sed falsissima est opimo de connexu 
ullo quopiam inter corpora Malpighiana sanguifera et ductuum urmi- 
ferorum fines ” And m 1834, “Denn die Glomeruh seu corpora Malpighiana 
lassen sich nur von den Artenen aus mjecieren, werden aber me nach 
Injectionen der Hamkanalchen angeiullt Sie sind uberhaupt blosse 
Receptacula des Bluts 

“Die Quelle der Harnabsonderung smd die gewundenen Hamkandlchen 
selbst, welche die m Harn verwandelten Theile des Bluts ausscheiden ” 



A B 

Fig 1 A Bellinis flg vu “Huinani Reiiuj modietas Pelvi, vasisijue plunmis 
hberata, ut unio, & coitus tortuosus Reiialium ductuum representctur "BA section 
of kidney, drawn by Bidloo (1686), showing Malpighi’s “aiandulae" The “De 
Renibus ’ of Malpighi was not illustrated From “Anatomia huniani oorpons”, 
Plate 43 Amstelodami J A Someren 

It was mne years later that Wm Bowman ( 1842 ), a young, recently 
elected Fellow, demonstrated to this Society preparations of kidneys from 
vanous ammals which proved Malpighi to have been right By mjectmg 
lead acetate and potassium bichromate into the renal artery, he not only 
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made clearly discermble the arrangement of the minute vessels which 
constitute the tuft (glomerulus) withm the Malpighian body but also, by 
fortunate accident, showed that this structure is actually the expanded 
end of the urimferous tubule For frequently the capillaries within the 
Malpighian body w ere ruptured by the force of the mjeotion, and when this 
happened the lead chromate was found as a contmuous mass, filhng the 



Pio 2 From Joh Muller’s De Ulandulsrum Structura", 1830, Tab xiv 4 
“Pars renis Sciun exoisa, 8*®* diaraetro auota, microscopio visa, aocuratisaime ad 
naturam deluieata " 8 “Lamina subtilissima substantiae corticalis rents Sciun 
excisa ” 9 “Vascula sanguifera mmima reticulata in substantia cortioali terns 
humani ’’ 

free space within the Malpighian body and extendmg from this into the 
lumen of the tubule This identification of the unit of kidney structure 
constitutes the indispensable beginning of inteUigent study of renal 
function 

Developments since Bowman’s day have revealed greater complexities 
of this umt than he suspected The capillaries which constitute the glomer¬ 
ulus withm the Malpighian body are not, as Bowman thought, “bare”, 
“uncovered by any structure” each is invested by an extremely thm, 
supporting basement membrane and by an outer contmuous covermg of 
epithehal cells By the term glomerular membrane, we now mean the 




Fiq 3 Bowman’s drawings 9 “ t roin thi* hiunan subjoct Two Malpighian bodies 
injected Tlie tufts arc burst and the fluid has escajJed into the capsule In one case 
it hiw passed along the tulie ” 10 “Iroin the human subject At (a) the injection 
has only partially filled the tuft At {(i) it has entire ly filled it without any extra 
vasation At (y) it has burst into the tajiHiih and esiajicd along the tube (f), but has 
also filled the efferent vessel (e/) At (S) and (t) it has been extravasatod and passed 
along the tube ” 16 Plan of the renal circulation in mammalia ” 



Fio 4 A Structure of the human glomerulus (McGregor) GlEp glomerular epi¬ 
thelium, OIBM glomerular basement membrane, End endothelium From Amer 
J Pathol 1929, 5, 646 B Schema of the human glomerulus (Vimtrup) From 
Amer J Anat 1928, 41, 123 
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wall of these blood vessels, composed of endothelium, connective tissue 
and epithehum 

The tubule is far more tortuous m its course, its cellular components 
more various than Bowman could have thought Issuing from the Malpi¬ 
ghian body 18 a short narrow segment, the neck, a senes of turns, the 



Fig 6 ^ a single tubule with its Malpighian body teased from a rabbit’s kidney 
(Huber) From Cowdrey’s ‘ bpecial Cytology", 2nd od 1932, 2, 196 (New York, 
P Hoeber) B Schema of tho mammalian nephron From Smith’s “Physiology of 
the Kidney’’, 1937, p 6 (New York Oxford Umv Press) 


proximal convolutions, a loop with straight Umbs extendmg mto the 
medulla, a senes of distal loops or convolutions, finally, a short segment 
by which connexion is made with a collectmg duct which dehvers the 
products of many similar units into the pelvis of the kidney, thence mto 
the ureter and bladder 

The human kidney contains approxmiately a million of these units, 
which, though alike m design, differ with respect to lengths of the several 
segments These million are grouped mto a dozen major divisions, the 
pyramids, and these into the groups which discharge through a common 
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orifice into the renal pelvis Those subdivisions in turn are further divisible 
into “structural units”, roughly pyramidal blocks, each consisting of 
about 150 tubules together with theu- Malpighian bodies and blood vessels 
Without gross inaccuracy we may imagine the 
human kidney as constructed of some six to eight 
thousand of such blocks arranged m a dozen major 
divisions 

The blood supply of the kidney is remarkable 
because of its great volume and because of the 
peculiarity of its flistribution The renal artery, 
one of the great branches of the aorta, is short and 
large m diameter Its divisions within the kidney 
proceed toward the cortex, there give off the finer 
branches from which arise short terminal twigs 
(afferent arterioles) which supply the glomerular 
capillaries enclosed within the Malpighian bodies 
The emergent efferent vessels divide into a pro¬ 
fusion of capillanes which are distributed to the 
tubules The abundance of the arterial supply 
makes credible the statement that an amount of 
blood equal to more than five times the weight 
of the kidney may traverse its vessels in a minute, 
that all of the blood in the human body may pass 
through the renal vessels in as short a time as three 
or four minutes 
We have now to ask by what processes this as- 
semblage of structures is capable of contmually (Ti 

elaboratmg unne from blood in such varying 

. .1 X j ioa3» (no 76), 120 

amount and of such varying composition that des 

pite the wide variations m bodily metabohsm and the periodic intake of 
food, salts and fluid, the composition of blood plasma and tissue fluid, the 
“ mdieu inteneur ” of Claude Bernard, is held constant withm those exceed¬ 
ingly narrow limits which are required for survival 

Bowman outhned an imaginative conception, the first to be based upon 
demonstrable knowledge of the functional unit Impressed by the simi¬ 
larity which the form and arrangement of cells of the tubules bear to those 
of the digestive glands, he wrote, concemmg the tubule “In extent of 
surface, internal structure and nature of its vascular net work, the mem¬ 
brane of the urmiferous tubule corresponds with that forming the 
secretmg surface of other glands Hence it seems certam that this mem- 
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brane is the part specially concerned in eliminating from blood the peculiar 
principles found m unne ” 

And conoernmg the Malpighian body “Why is so wonderful an ap¬ 
paratus placed at the extremity of each unniferous tubule if not to furnish 
water to aid m the separation and solution of the urmous products fitim the 
epithelium of the tube ^ ” 

The fundamental relation of Bowman’s anatomical discovery to under- 
standmg of function was at once recognized, most fruitfully by a young 



Fig 7 Roentgenogram of the arterial tree of the human kidney (Gross) 

From J Med Res 1917, 36, 336 

German colleague, Carl Ludwig at Marburg, later to become the most 
distinguished physiologist of hia time Ludwig repeated Bowman’s findings 
and m 1844 advanced a different mterpretation 
The arrangement of the capillaries withm the Malpighian body and their 
relation to the artenes which supply the kidney are such as to ensure high 
blood pressure within them In consequence, through their thin walls is 
expressed a filtrate from blood plasma which contains all the plasma 
constituents except those to which the capillary wall is impermeable, viz 
proteins, fats and such mineral constituents as may be combmed with 
these The volume of filtrate is so great that it contains aU of the sohds 
of the unne which the kidney excretes As it flows through the lumma of 
the tubules it is subjected to the influence of the blood withm the fine 
vessels surrounding them—blood which has been concentrated by loss of 


The Crooman Lecture 


406 


fluid m its passage through the glomeruh An “endosmotio current” is set 
up by which a large fraction of the filtrate is drawn back into the blood 
The fraction, not reabsorbed, is the unne which the kidney excretes 
Ludwig speaks of his hypothesis as audacious Its audacity as well as 
its usefulness consisted m the definiteness with which the glomerular 
process was characterized as physical filtration, m the concept that all of 
the constituents of unne are separated from blood by the glomerular 
process, and m the novelty of the thought that in the elaboration of urme 
the transport of substances through the cells of the tubule is not, as the 
authonties of his time believed, in the direction blood to lumen of tubule, 
but rather in the direction lumen to blood 
These two radically different conceptions, announced withm the space 
of two years, neither based upon experiment but both the imaginative 
results of observations of structure, have set the questions which the great 
mass of subsequent expenmental work has been designed to answer 
Evidence which accumulated m the following thirty years upheld the 
filtration aspect of Ludwig’s view and sei urod its general acceptance The 
rate of unne flow in animals was found to vary directly with such changes 
in the renal circulation as might be expected to change filtration pressure 
in the glomerular capillanes inhibition of the heart, haemorrhage or 
partial obstruction of the renal artery lowered renal blood pressure and 
decreased unne, ligature of great branches of the aorta or section of vaso- 
constnctor nerves to the kidney raised the renal blood pressure and in¬ 
creased urme 

Ludwig’s thought that the glomerular filtrate is reduced m volume m the 
tubules solely by processes of diffusion soon became unacceptable when it 
was found that the osmotic pressure of unne may far exceed that of blood 
To retam the reabsorption hypothesis it became necessary to postulate 
active, selective processes, operatmg within the tubule cells, undescnbed 
save by the word “vital” 

Later m the century (1874-86) more varied types of expenmentation 
were mtroduced from which severe criticisms of Ludwig’s view developed 
Heidenham of Breslau ( 1874 ) wished to make visible the paths which a 
substance traverses in passing through the kidney from blood into urme 
He had no method for detectmg normal urmary constituents m tissue 
sections, hence he chose to study the excretion of the dye mdigo carmme, 
which, after injection, is, like urea, excreted in high concentration m urme 
and IS reoogmzable in tissues by its colour 

A rabbit’s kidney, excised durmg the excretion of this dye, showed 
colour m the tubules, none m the Malpighian bodies After mjection mto 
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a rabbit whose kidneys were excreting no unne because of low arterial 
blood pressure produced by section of the spinal cord, crystals of the dye 
were found in the lumma of the tubules These results proved to Heiden- 
ham that the tubules and not the glomeruli were the structures which 
excreted mdigo carmine 

Heidenham ( 1883 ) further pointed out that the volume of a blood filtrate 
sufficient to contain all of the urea which a man excretes m unne m a day 
must be of the order of 70 1 , of this, according to Ludwig, 68 1 must be 
reabsorbed He was unable to conceive that enough blood flowed through 
the kidneys m a day to yield such a volume of filtrate Chiefly because of 
these expenments and iriticisms and the skill of their exposition, the 
Bowman conception of secretion of “urinous products” by the epithehum 
of the tube was reinstated, Ludwig’s theory abandoned, the Bowman- 
Heidenham theory became accepted doctrine for more than a generation 

But at about the opening of this century, new evidence began to ap^iear 
which accorded so well with the demands of the filtration-reabsorption 
theory that a number of physiologists were persuaded that its rejection 
was unwarranted A confusmg controversy developed which continued 
actively during two decades and even now is scarcely ended I shall make 
no attempt to give any of its details or to analyse opposmg arguments 
That has been done with extraordinary competence by Professor Cushny 
m 1917 and again m 1926 The division of opinion may be illustrated by 
the fact that within the membership of this Society at that time, Starlmg, 
Cushny and Bainbndge were convinced of the vahdity of the filtration- 
reabsorption hypothesis, whereas Leonard Hill, A B Macallum and 
T Gregor Brodie with equal or greater conviction demed it The thesis of 
Professor Brodie’s Crooman Lecture of 1911 was a new and mgemous 
conception of glomerular function, formulated because of his behef m the 
untenabihty of filtration 

The source of the difficulty is obvious enough On one side of the 
complex renal structure is blood, on the other side urme The composition 
of the blood, its pressure and rate of flow, and the ureteral pressure against 
which unne is excreted could be altered at will The effects of such changes 
upon volume and composition of unne could be measured There obser¬ 
vation on the mammalian kidney for the most part stopped Decisions 
concermng the intermediate processes withm the kidney were inferences, 
the quality of which was largely dependent upon imagmative msight, 
mtmtion and perhaps prejudice 

In such a situation it was exceedmgly difficult for one mterested m the 
effects of drugs to explam the action of substances which produce diuresis 
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A disciple of Heidenhain was free to regard oaflFeme, for example, as a 
stimulant to the seoretmg epithelium of the tubes, a follower of Ludwig and 
Cushny could argue Avith equal plausibihty that the known dilating effect 
of caffeme upon renal blood vessels caused increased glomerular filtration 

It was because of this dilemma that in 1916 O H Plant and I undertook 
an experiment by which we hoped to learn whether caffeme could produce 
diuresis when the results of its vascular action were minimized or excluded 
By an artificial device (Richards and Drinker 1915 ) the flow of blood 
through a rabbit’s kidney was kept constant before and during the action 
of that drug Somewhat to our surprise, diuresis resulted and we seemed 
obliged to regard the action as independent of the circulatory effects and 
as mdicative of secretion That proved to be a superficial interpretation and 
has been superseded, but the experiment was useful in that it pointed the 
way to a decision concermng a far more fundamental question which, 
raised by Heidenhain years before ( 1883 ), had been the chief element in 
his belief that the glomerulus is not a filter 

The question may be stated thus If the glomerulus is a filter, any measure 
which mcreases blood pressure in the glomerular capillaries may be ex¬ 
pected to mcrease unne flow Two such measures have been tried, increase 
in aortic pressure and partial obstruction of the renal vein The first 
increases unne, but the second diminishes it The effective difference 
between them, according to Heidenham, lies m the fact that the velocity 
of blood flow through the glomerulus is increased when aortic pressure 
rises, decreased when venous outflow is retarded Unne formation vanes, 
therefore, not with height of glomerular blood pressure but with velocity of 
glomerular blood flow These facts, said Heidenhain, contradict the 
pressure hypothesis m the most decisive manner The epithehum of the 
glomerulus is a secreting structure, the activity of which depends upon its 
state of nutntion and upon the rate at which the matenals for its activity 
are supphed to it 

The method used in studying the effects of caffeme promised the possi- 
bihty of submittmg this question to more searchmg experimental test The 
intake tube of the perfusion pump was connected with a rabbit’s carotid 
artery, the dehvery tube with the artery of one kidney Flow of blood 
through the kidney, mamtamed by the pump, was constant, blood pressure 
m the renal vessels was vaned by stimulation of their constrictor nerve 
supply, by the addition of small amounts of adrenalm to the perfusing 
blood and by gentle compression of the renal vein The results were 
decisive, rise in blood pressure produced by each of these means was con¬ 
sistently paralleled by mcrease m unne flow (Richards and Plant 1922 a) 
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These results were important for us not only because they supplied a 
refutation of one of the most cogent of the objections which Heidenham 
had raised against the view that the kidney is a filter, but because of 
another item of mformation which the method yielded 
There is only one part of the vascular apparatus of the kidney in which 
a filtrate, expressed from the blood, can conceivably be dehvered directly 
into the lumen of the tubule, that is the Malpighian body On this point 



Fio 8 Effect of change m perfusion pressure upon urine formation by the rabbit’s 
kidney, perfusion flow being kept constant The most conspicuous rise m pressure 
was due to renal vasoconstriction wluch resulted from diminished depth of anaesthesia 


Bowman, Ludwig and Heidenham were agreed Hence the effective rise 
in pressure in the experiments just described must have occurred withm 
the glomerular capillanes In the case of adrenahn it seemed necessary to 
believe that the rise in glomerular capillary pressure which had caused 
more unne to flow was the result of constriction of the efferent vessel of 
the glomerulus Constnction of afferent vessels could not prevent the 
pump from dehvenng blood m constant volume to the glomeruh, rise of 
pressure in the glomeruli could have been produced only by narrowing of 
the cahbro of the glomerular outlets 
To test this conclusion, the kidney was enclosed m an oncometer and 
change in its volume, produced by adding adrenalm to the perfusmg blood. 
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recorded The result showed that coincident with nse in perfusion pressure 
adrenalin caused a shght swelhng of the whole kidney (Richards and 
Plant 19226 ) 

This coincidence of vasoconstriction and vasodilatation, the former 
exhibited by nse in perfusion pressure, the latter by swelling of the kidney 
—a comcidence not encounterable m similar expenments with other tissues 
—could be ascnbed only to passive distension of the glomerular capillanes 
produced by the narrowmg of contractile vessels distal to them * In a word. 



Fio 9 Effect of adrenalin upon perfusion pressure and ludnoy volume 1 Time in 
seconds 2 Rate of perfusion (time required for 4 0 c of blood to flow from the renal 
vem) 3 Perfusion pressure 4 Volume of kidney From Amer J Fhyswl I922> 
69, 188. 

the efferent vessel is an artenole, the calibre of which is subject to hormonal 
and nervous control, and is therefore a factor m the regulation of glomer¬ 
ular pressure, hence in gomerular unne formation 

It was to test further the vahdity of these deductions that we had 
recourse to the frog’s kidney, hopmg to find it to be sufficiently translucent 
to permit direct microscopic observation and measurement of its glomer¬ 
ular vessels In work with C F Schmidt ( 1924 ) this hojie was realized 
and eventually perfusion experiments were made, identical in plan with 
those made with the rabbit’s kidney (Richards, Barnwell and Bradley 
1927 ) The addition of traces of adrenalin to blood with which the kidney 
was perfused at constant rate caused enlargement of the tuft of glomerular 

* Histological evidence of the existence of contractile elements m the wall of tho 
efBsrent vessel was later obtamed by Bensley (1929) 
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capUlanes (tig 10) which could be attnbuted to nothing else than con- 
stnction of the efferent vessel 

This succession of results furnished objective evidence that glomerular 
capillary pressure is subject to change not only because of changes in 
aortic pressure and m the calibre of the afferent artenes and artenoles but 
also because of changes in state of the efferent vessel If the glomerulus is 
a filter, they permit us to think of a mechanism within the kidney itself 
for the fine adjustment of filtration pressure which is independent of 
changes m the systematic circulation as a whole, an adjustment which 



Flo 10 Photomicrographs, enlarged and retouched, of a frog’s glomerulus dunng 
perfusion of the kidney at constant rate with frog’s blood before and duimg the 
action of added adrenalin concentration 1 600,000 

must be taken into account in attempts to correlate changes m unne flow 
with changes m artenal blood pressure or m renal blood flow 

The experiments with frogs served also to mtroduce to us a hitherto 
neglected method of approach to problems in renal physiology, that of 
direct microscopic observation and manipulation of the amphibian kidney 
dunng life A year was spent by Dr Schmidt and myself in perfectmg 
techmque of visualization and in descnbmg phenomena of the circulation 
in the kidney under vaned conditions It was seen, for example, that the 
number of functionmg glomeruli and of capillary loops m a single glomer¬ 
ulus were changing factors, that dunng renal vasoconstnction the number 
of active glomeruli decreased, while under the influence of diuretic sub¬ 
stances more glomeruh came mto action It became obvious that if the 
glomeruh are filters the oiganism possesses means of mcreasmg or de- 
creasmg the extent of the filtenng bed 
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A little later, thanks to acquaintance with the work of Robert Chambers 
and a suggestion from my then colleague, J T Wearn, a plan was imtiated 
for withdrawing flmd from smgle renal umts m the hope that it could be 
subjected to chemical tests and its composition compared with the blood 
plasma from which it was derived Glomerular fluid was first studied 
because it represents the first stage m unne formation and because the 
Malpighian body m which it is formed is most easily accessible (Wearn and 
Richards 1924 ) 

A pipette was made, consistmg of a glass stopcock tube mto one end of 
which was cemented a slender quartz tip, terminating in a sharp, bevelled 
pomt, 7 - 12/1 in diameter Tube and tip were filled with mercury from an 
attached levellmg bulb With the aid of a microscope and mechanical 



Fio 11 Result of Benedict’s test for glucose in frog’s glomerular unno (upper tube) 
and m bladder unne (lower tube) From Amer J Phyexol 1924, 71, 222 

mampulator the sharp point was thrust through Bowman’s capsule, usually 
without touching the tuft of capillary blood vessels withm it Flmd was 
collected against positive pressures determined by the height of the 
levelhng bulb From a single glomerulus Dr Wearn collected as much as 
4 cu mm m an hour, usually the amounts were 1 cu mm or less per hour 
When these specimens of glomerular fluid were delivered into glass or 
quartz capillary tubes and mixed with appropriate reagents they were 
found to be famtly alkalme in reaction, and to contam no protein or only 
the faintest traces of it, they gave unmistakable tests for glucose, chloride, 
urea and potassium Bladder unne, simultaneously formed, was acid, 
contamed no glucose and no chlonde When the animal had been mjected 
with indigo oarmme or with phenol red before the beginning of a flmd 
collection, the dye was found to be present in the glomerular flmd 
This qualitative mformation agreed well with the Ludwig concept of 
glomerular filtration, it showed that the glomerular membrane m frogs is 
impermeable to the plasma proteins but is permeable to every diffusible 
constituent of plasma for which we were able to test It appeared that 
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Heidenham might have been wrong m denying that indigo carmme is 
excreted by rabbits through the glomeruli 

The most significant fact, however, which these tests demonstrated was 
that the glomerular unne contamed glucose and chlonde, whereas the 
fully elaborated unne which issued from the kidney contained neither 
The glomerulus allows these essential constituents of blood plasma to 
escape, they are restored to the blood by the tubule 

Knowledge that the glomerular unne bears qualitative resemblance to a 
protein-free filtrate from plasma made evident the necessity for a decision 
concermng the height of the glomerular capillary blood pressure 

In 1899, Professor Starling had published evidence to show that, in 
dogs, unne ceases to be formed when aortic pressure sinks to a level some¬ 
what above the value w hich his measurements had assigned to the osmotic 
pressure discovered by him to be exerted by the plasma proteins Argumg 
that the difference between the two values, some 10 mm Hg, represented 
the fall in pressure which must occur between the aorta and the glomerular 
capillanes, he held that the approximation of the two values constitutes 
evidence for the existence of a filtration factor in unne formation His 
views were contested by Leonard Hill (1906) and fifteen years later Hill 
and McQueen (1921) published measurements which apjieared to support 
Professor Hill’s earlier contentions They independently develoiied the 
method of direct observation of the livmg frog’s kidney, compressed a 
portion of the kidney between two transparent surfaces, measured mmimal 
pressure required to produce visible retardation of blood flow m the 
glomerular capillaries and decided that this was equal to the glomerular 
capillary pressure It was found to be 5-10 cm of water -somewhat less 
than the colloid osmotic pressure of frog’s plasma proteins and hence 
ineulequate for the separation of a protem-free filtrate from plasma Smce 
the vahdity of their method was open to the criticism that even a slight 
impediment to venous blood flow must produce retardation m glomerular 
flow, and smce the techmque of glomerular puncture appeared to offer 
another method to which this cnticism did not apply, it seemed necessary 
to re-examine the question This was done by J M Hayman (1927) in our 
laboratory, who adopted a procedure the principle of which is the same eis 
that of the Riva-Rocci method of estimating pressure in the brachial 
artery of man 

The punctunng pipette, filled with salt solution instead of mercury, was 
connected with pressure measunng and pressure adjusting devices After 
introducing the pomt of the pipette into the space within Bowman’s 
capsule, the neck of the tubule was blocked by a compressing rod and 
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preasure withm the capsule raised to the height necessary to stop flow of 
blood in some capillanes of the glomerular tuft but not m others This 
pressure was accepted as the mean pressure withm the capillary tuft Of 
181 such measurements, only eleven fell below 10 tm of water The average 
of all determinations of glomerular capillary pressure was 20 2 cm HjO, 
64 % of the average aortic pressure Hayman’s method was later apphed 
by H L White (1929) to Nectun and the results confirmed We regard 
these measurements as proof that normally m frogs and Nectun there is an 
ample head of pressure m the glomerular capillanes for the separation of 
a protem-free plasma filtrate through their walls. 



Fig 12 Diagram of Hayraan’s method of measuring glomerular capillary 
pressure From Amer J Phyawl 1927, 79 391 

Proof of qualitative resemblance between frog’s glomerular unne and a 
plasma filtrate excited the desire for more jirecise, quantitative mformation 
The chief difficulty consisted m the minuteness of the volumes of flmd 
obtainable, since methods for quantitative analysis of less than a cubic 
millimetre of fluid were not duectly available Attempts to estimate 
fteezmg points were futile The results of a first senes of nephelometnc 
deter mina tions of Cl by the method of T W Richards were later found to 
be wrong (Weam and Richards, 1925), m a second, the results were 
ambiguous (Freeman, Livingston and Richards 1930) Presently we found 
that accurate determmations could be made of the colour intensity of a 
min ute sample of a coloured fluid contamed m a capillary tube by naked- 
eye comparison with standard solutions m tubes of the same diameter 
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This led not only to quantitative estimations of the concentrations m 
which injected dyes are excreted m the glomerular unne (Richards and 
Walker 1930), but also to the adaptation to our requirements of accepted 
colonmetnc methods for determining unc acid (Bordley and Richards 
1933), glucose (Walker and Reismger 1933), morgamo phosphate (Walker 
1933), and creatinme (Bordley, Hendnx and Richards 1933) A new and 
highly accurate colonmetnc method for chlonde (Westfall, Fmdley and 
Richards 1934) was devised apphcable to as little as 0 001 mg NaCl * 

pH was determmed colonmetncally with phenol red withm 0 02 of a 
pH unit (Montgomery 1935) 

H L White (1928) showed the feasibility of adapting Barger’s capillary 
method of molecular weight determination to comparison of the vapour 
pressures of plasma and glomerular unne—an adaptation which was 
fruitfully utilized by Walker (1930) Leonard Bayliss (1930) constructed 
a cell with which he measured reliably the electncal conductivity of 
0 6 cu mm of fluid A M Walker (Walker and Elsom 1931) developed 
a techmque for the gasometnc estimation of the mtrogen in as little as 
0 006 pg of urea contained in 0 06 cu mm of flmd Pierce and Montgomery 
(1935) constructed a quinhydrone electrode by which they measured the 
pH of as httle as 0 1 cu mm of fluid 

As each of these methods was developed and the limits of its accuracy 
discovered it was applied to the determmation of the corresponding con¬ 
stituent or constituents of simultaneously collected glomerular unne and 
blood plasma from frogs and Nectun The data which thus accumulated 
between 1930 and 1936 provide a fauly comprehensive picture of the 
quantitative likeness of the glomerular unne and the blood plasma or an 
ultrafiltrate from it obtamed from these animals They are assembled m 
the chart shown in fig 13 

In the majonty of the eleven categones of results the distnbution of the 
values of glomerular unne m relation to those of blood plasma is such as 
to leave no doubt concemmg identity of composition of the two fiuids 
The Cl concentration of glomerular unne seems consistently to be slightly 
greater than that of plasma This difference is explamable as a manifesta¬ 
tion of the Gibbs-Donnan effect, which has been calculated to account 
for a difference of about 3 % between the chlonde of frog’s plasma and that 
of a protein-free filtrate from it (Weam and Richards 1924) And since 

* Ekehom (1931) at Oxford, developed a miorotitration method for the determma 
tion of chlonde and made five analyses of frog’s glomerular unne, the results showed 
identity with plasma His method seemed so appallingly difficult that we were a&aid 
to undertake it 
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sodium chlonde is the most abundant electrolyte of frog’s plasma, the 
same explanation can account for a similar difference m total electrolytes 
The average concentration of glucose m glomerular unne appears to be 
slightly less than that of plasma This may perhaps mean that a small 
fraction of glucose which passes through the glomerular membrane is 
utilized by its cells 

The last two columns show the glomerular excretion of substances 
foreign to the body, injected before the beginning of an experiment The 
wide dispersion of the results with phenol red requires comment This 



Fig 13 Comparisons of glomerular urme and blood plasma The results are shown 
as percentage differences between glomerular unno and plasma 


dye when present m blood is partially corabmed with the plasma proteins 
and hence is not filtrable The combined fraction vanes with the protein 
content of the plasma and was found to amount to from 16 to 40 % of 
the total We were unable to obtam ultrafiltrates from the small samples 
of blood plasma obtained in each experiment and hence in chartmg the 
results have apphed a correction of 28 % to each plasma phenol red value 
While the individual results are therefore maccurately charted, the 
approximately equal dispersion of the glomerular values above and below 
the plasma values gives confidence m the soundness of the conclusion that 
the concentration of phenol red m glomerular urme is the same as that of 
the free phenol red m the plasma 

The results with mulm are especially significant because of the size of 
its molecule This polysaccharide, beheved to consist of a cham of some 
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32 fructose groups (Haworth, Hirst and Percival 1932), has a molecular 
weight of about 6000 (Haworth, Hirst and Percival 1932, Westfall and 
Landis 1936) and a diffusion coefficient equivalent to that of a spherical 
molecule with a molecular weight of 16,000 (Bunim, Smith and Smith 
1937) It does not combine with plasma constituents, is not decomposed 
by enzymes of the animal body and can be quantitatively determined 
after hydrolysis with acid by the same method as that used m the deter- 
mmation of glucose The results show that mulm is present in the glomer¬ 
ular urme of frogs in the same concentration as m plasma (Hendnx, 
Westfall and Richards 1936), it passes through the membrane at the same 
rate as water or such small solutes as urea or chlonde Hence we draw 
the conclusion that the glomerular urine escapes through pores or passages 
m the glomerular membrane of dimensions so much larger than those of 
the molecules of any of the normal, diffusible solutes of plasma that it 
becomes mconceivable that any other than a physical process is con¬ 
cerned , and from the fact that two substances having as widely different 
diffusion coefficients as urea and iniilin (Bumra, Smith and Smith 1937) 
pass through at the same rate and that the same as the rate of the water m 
which they are dissolved, we must conclude that diffusion plays no part, 
as some have thought, m determming the composition of glomerular 
urine, filtration is the only process concerned 

These conclusions are fortified and the defimtion of the permeability of 
the glomerular membrane made more precise by study of the glomerular 
excretion of two other substances having larger molecules, viz crystallized 
egg albumm and crystalhzed horse serum albumin The tests were made by 
perfusing the frog’s kidney through its artenes with oxygenated Ringer’s 
solution to which the protein had been added Egg albumm was found in 
the collected glomerular fluid m abundant amount, its concentration, 
apparently, somewhat less than that in the perfusion flmd Horse serum 
albumin was not found in the glomerular fluid, even in traces From these 
results we might descnbe the mesh of the greater part of the glomerular 
membrane os wide enough to permit molecules of 4 m/i in diameter to 
pass but nowhere wide enough to allow passage of those of diameters os 
great as 6-7 m/i 

According to Ludwig’s concept the volume of the glomerular filtrate is 
so large that all of the solutes of the urine are contained m it It is appro- 
pnate to inquire into the relative proportions of glomerular filtrate and 
excreted unne m Amphibia 

I have stated that m exceptional experiments as much as 4 cu mm of 
glomerular unne had been collected from a single glomerulus m an hour, 



The Crooman Lecture 


417 


more commonly the rate was 1 cu mm /hr or less One kidney of a frog 
such as those we used contams about 2000 glomeruli It is conceivable 
therefore that the two kidneys might form glomerular filtrate at rates up 
to 16 c c /hr In experiments designed to give measurements of the highest 
rates at which unne may be formed in normal frogs of the same size and 
species as those used in the glomerular puncture experiments the maximum 
rate was 2 6 c c /hr In frogs subjected to the operative attack necessary 
for exposure of the kidney the rates are far lower than this From such 
observations I have little hesitancy m asserting that in frogs the amount 
of unne excreted by the kidney is less than the amount of filtrate formed 
in the glomeruli 

Expenments of an entirely different sort have yielded the same con¬ 
clusion In the frog’s kidney the glomeruli are supplied with blood by way 
of the renal artenes, the tubules receive blood not only from the branchmgs 
of the renal arteries but also from those of the renal-portal vein as well 
This arrangement makes it possible in perfusion exjiennients to supply the 
tubules through the renal portal vein with fluid v hich does not gain access 
to the glomeruli (Cullis 1906) In such an experiment, if inulin is contained 
in the perfusing flmd which reaches the tubules only, none of it gets into 
the unne We conclude therefore that the only renal pathway of the 
excretion of muhn by intact frogs is the glomeruh, and when we found that 
the concentration of inulin in unne collected dunng its excretion is as 
much as 8 to 15 times as great as the concentration of inuhn in the blood 
plasma dunng the same time, we were obliged to conclude that the volume 
of glomerular filtrate was from 8 to 15 times greater than the volume of 
the excreted unne 

The unne of amphibia is highly hypotonic m comparison with blood 
plasma It contains little or no chlonde, no glucose, a trace only of bi¬ 
carbonate, these being the three diffusible constituents of plasma which 
are present in highest concentrations Hence the evidence that glomerular 
unne is a plasma filtrate and is separated m amount far larger than that 
of the unne which the kidney excretes compels us to beheve that the most 
conspicuous processes to which the glomerular filtrate is subjected m its 
passage through the tubules are processes of reabsorption The methods 
which yielded specimens of glomerular urine were adapted to the collection 
of flmd from different levels of the tubules, and as a result a partial descnp- 
tion can be given of the succession of changes which the glomenilar filtrate 
undergoes withm the unmferous tubule 

The technique of collectmg fluid from known levels of a tubule is more 
difficult than that of collectmg from a glomerulus (Richards and Walker 
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1937) The lumen is much narrower, only portions of a smgle tubule are 
visible and the loops of several tubules appear so confusingly mtertwmed 
as to make certam identification of the different parts of one impossible 
by inspection only An essential requirement was a method for measurmg 
the distance within the tubule which the collected fluid had traversed 
from the beginning of the segment from which it was taken to the site of 
its collection For this purpose, after the fluid collection was completed, 
mdian ink was injected mto the lumen of the tubule, the kidney qmckly 
excised, dehydrated, cleared and a scale drawmg made of the entire 
nephron (Kempton 1937) The puncture hole could usually be seen in the 
cleared preparation and the distances from it to the ends of the segment 
measured on the drawing 



Fio 14 Scale drawings of injected tubulee of frog and Necturua 


It was essential also that the collected fluid should not be contaminated 
with fluid drawn back mto the pipette from parts of the tubule distal to 
the site of puncture One way of avoidmg this was by keepmg the level 
of the mercury in the levelling bulb shghtly above the level of the kidney, 
another by establishing a blockade of the tubule immediately distal to 
the point of the pipette, this was done by depositing a small globule of 
mercury or of coloured oil withm the lumen 
In some experiments it was necessary to perfuse a known solution 
through the lumen of a selected tubular segment m order to learn what 
would happen to one or another of its constituents Such perfusion of the 
proximal segment or a portion of it was effected by insertmg two pipettes, 
one at each end of the segment to be studied, after glomerular function 
had been abolished by peuikmg the space within Bowman’s capsule full with 
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mercury Fluid waa then allowed to flow m from the proximally placed 
pipette at any desired rate and collected m the distally placed pipette 
Because of the larger dimensions and less tortuous course of the tubules 
of Nectunis this species was used m the first expenments and m the 
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Fig 16 a The insertion of a micropipette for the collection of tubule fluid from the 
beginning (^4), the middle (B) and the end (C) of a proximal convoluted tubule of 
Nectunu Stippling at (^4) represents blockage of the lumen by a globule of mercury, 
at (C), by a column of colour^ oil 6 Micropipettee inserted for perfusing the lumen 
of a smgle proximal convoluted tubule of Necturut btip})ling represents mjected 
mercury by which glomerular filtration is abolished and the distal end of the segment 
blocked From J Physiol 1937, 118, 114, 116 


majonty of all The more difficult task of collecting tubule fluid from firogs 
was accomplished in enough instances to show that the mam features of 
tubular activity are alike in the two species 

In each experiment the composition of the collected tubular fluid was 
compared with that of blood plasma from the same animal, obtained either 
as two samples, one at the beginning and one at the end of the tubule fluid 
collection, or as a smgle sample taken midway through the collection 
Proof of the identity of glomerular unne and plasma filtrate made it 
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permissible to use the plasma analyses as representative of the glomerular 
urme from which the tubule fluid is elaborated 

The results are charted to show the differences between tubule fluid and 
plasma which develop dunng the passage of the glomerular filtrate through 
various fractions of the length of the two mam divisions of the tubule 
Fig 16 shows the results of the comparison of vapour pressure (total 
molecular concentration) and of chloride concentration (Walker, Hudson, 
Fmdley and Richards 1937) It is at once apparent that significant change 



Fio 16 Cliart showing difforencee between blood plasma and fluid collected from 
various levels of the renal tubules with respect to total concentration and Cl con 
centration Sites of collection of tubule fluid can be identified by reference to the 
diagrammatic tubule Zero on the ordinate represents plasma For chlorides, flguros 
above and below represent percentage differences from plasma, for total concentra 
tion, they represent the micrometer scale divisions (each 6/i) by which the 2 mm 
capillary column of tubule flxud mcreased (+) or decreased (- ) dunng 48 hr equili 
bration against plasma From -4mcr J Phytnol 1937, 118, 126 

does not occur until the glomerular filtrate has traversed the entire length 
of the proximal and intermediate segments In the distal convoluted 
tubule selective reabsorption of chloride occurs, this is the chief reason for 
the hypotomcity of amphibian imne These data appear to supply adequate 
refutation of the arguments of Macallura and Benson (1909) and Brodie 
(1914) that reahsorptive processes m the tubule cannot be sufficiently 
effective to account for the high dilution of the urine which is excreted by 
man after copious water drmking 

Whether the lack of close agreement between the values of total con¬ 
centration and chloride concentration in fluid from the proximal tubule 
represents somethmg other than experimental and analytical errors or not 
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we are unable to say The difference does not disappear when account is 
taken of the presence of protein m the plasma and its absence from the 
tubule fluid, of the Dorman effect, and of the reabsorption of glucose which 
was found to occur m the proximal tubule {mde infra) 

Fig 17 shows that the change m reaction which the glomerular filtrate 
undergoes in its passage through the tubule occurs m the distal, not m the 
proximal segment (Montgomery and Pierce 1937) This result is opposed 
to that published by Ellmger and Hut (1929, 1930), who beheve, from ob¬ 
servations of the colour of fluorescein in different segments of the tubules 
of frogs, that acidification occurs m the proximal tubules We have not 
used fluorescein but our conhdence m the correctness of the results shown 


o- 


.^1 



Fio 17 pH determinations by Montgomery and Pierce (1937) of fluid collected from 
different levels of the tubule Ordinates are fractions of a pH unit From Amer 
J Med Set 1935, 190, 742 


here is strengthened by observations of another type It is easy to inject 
a solution of an indicator dye, phenol red, of pH 7 4 mto the capsule of 
Bowman, to watch its progress through the visible loops of the tubule and 
to halt its progress at any desired level by compressmg the surface of the 
kidney with a microscopic rod Such observations have rejieatedly shown 
that the yellow colour, indicative of pH 7 0 or lower does not develop m 
the proximal tubule no matter how long (withm 20 mm ) the fluid column 
18 made to remain in it When, however, it is allowed to flow on mto the 
distal segment, the change to yellow is almost mstantaneous Furthermore, 
when by rapid mjection the lumen of the distal segment is filled with a 
buffered solution of the dye of pH 7 4-7 6, and the fluid column made to 
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remain stationary within it, the yellow colour develops only withm a 
restncted portion of the distal tubule (Montgomery and Pierce 1937) 
The site of this restncted portion is such as to indicate that the acidifying 
structures are localized in an area roughly corresponding to the middle 
third of the distal convoluted segment (fig 18 ) 



Fio 18 Location and extent of the acidifying segment of the distal convoluted 
tubule 1 , an entire nephron of Nectunu, 2 , of frog 3-6, distal tubules of frogs 
A represents the acid change pomt m each, A-B (stippled) the entire acidifying 
segment /*/ = junction of proximal and mtermediate segments, //)=junction of 
intermediate and distal segments, DU = junction of distal tubule with ureter From 
Amer J Phyatol 1937 , 118, 148 

Fig 19 shows the fate of the glucose of the glomerular filtrate m the 
tubule (Walker and Hudson 19370) Its concentration begms to dimmish 
as soon as it enters the proximal segment, is reduced by one-half when it 
has traversed one-quarter of its length and approaches zero or its maximum 
reduction when half of the length of the proximal segment has been passed 
When known glucose solutions were perfused through the distal half of 
the proximal segment similar reduction m the glucose concentration 
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occurred Beabsorption of glucose is therefore a function of the entire 
proximal segment However, when glucose solutions were perfused 
through the distal convoluted segment no such reduction m glucose 
concentration took place Hence it is evident that it is only from, the 
proximal convoluted tubule that filtered glucose is selectively restored 
to the blood 

For nearly fifty years it has been known that the glucoside, phlorhizm, 
injected mto laboratory ammals or man, causes the kidney to excrete 



Fio 19 Chart showing porcentago differences between glucose concentration of 
blood plasma and fluid collected from various levels of the renal tubules of normal 
Neotun and frogs Zero on the ordinate represents plasma From Amer J Phyaxol 
1937 , 133 

glucose The effect has been variously ascribed to action on the glomer¬ 
ulus, to secretion of glucose by the tubule, to abohtion of the capacity of the 
tubule to effect the reabsorption of glucose The methods used in identi¬ 
fying the course of glucose through the normal amphibian kidney have 
also been apphed to those poisoned with phlorhizm No effect whatever 
could be detected on its passage through the glomerulus, the glucose 
concentration of the glomerular urine did not differ sigmficantly from that 
m the plasma (Walker and Reismgor 1933) Durmg the passage of the 
glomerular filtrate through the proximal convoluted tubule, however, its 
glucose concentration does not undergo progressive dimmution, on the 
contrary, the concentration attained at the distal end of the proximal 
segment is on the average 26 % higher than the concentration m the blood 
plasma (Walker and Hudson 19370) (fig 20) Smce no other segment of 
the tubule possesses the capacity of effecting the selective reabsorption of 
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glucose it seems obvious that the action of phlorhizm in inhibitmg this 
capacity is confined to the proximal convoluted segment 
This information concerning the retention of glucose withm the tubule 
of the phlorhizuuzed kidney throws additional light, also, upon the ques¬ 
tion of the tubular reabsorption of the water of the glomerular filtrate We 
beheve that the sole pathway by which glucose enters the lumen of the 
tubule IS the glomerulus, neither m the normal nor in the phlorhizmized 
ammal is it secreted into the lumen by the cells of the tubule If this is 
true, then the mcrease in concentration which glucose undergoes withm 



Fig 20 Chart showing percentage differences between glucose concentration of 
blood plasma and fluid collected from various levels of the proximal tubules of 
phlorhuimzed Nocturi and frogs From Armr J Phymol 1937, 118, 137 

the tubule can be due only to the reabsorption of water, glucose being 
retamed And the concentrations found indicate that from one-fifth to 
nearly ono-third of the water of the glomerular filtrate is reabsorbed during 
passage through the proximal tubule, that twice as much as these fractions 
represent is absorbed from the distal tubule 

More objective manifestation of water reabsorption can be elicited by 
filhng the lumen of a tubule by capsular injection with a dilute solution 
of phenol red (Richards and Barnwell 1927) The lumen of the tubule is at 
first apparent as a faintly coloured band In the course of a few mmutes 
the colour becomes more mtense and is localized in a portion of the tubule 
which can be identified as the distal segment The same phenomenon can 
be observed in a kidney the vessels of which are being perfused with 
oxygenated Ringer’s solution the composition of which is the same, with 
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the exception of the phenol red, as that of the fluid introduced into the 
tubule The composition of the flmds within and without the tubule being 
initially so nearly the same, the transfer of water could scarcely be due to 
diffusion and must therefore, we think, be ascnbed to active processes 
withm tubule cells 

The observations concernmg tubular function which have thus far been 
summarized are descnptive of conserving capacities of the kidney All or 
nearly all of the chlonde, the glucose, the base combined as chlonde and 
bicarbonate, and much of the water which escape from the blood in the 
glomeruh are restored to the blooil by the activity of the cells of different 
parts of the tubules T wish now to show some results which illustrate the 
excretmg capacity of the kidney 

Before doing so it seems necessary to say that evidence which has 
accumulated within the past fifteen years has decided m the affirmative 
the long-debated question of the capacity of tubules to secrete I refer 
particularly to the work of Marshall and Grafflm (1928) and Edwards and 
Condorelli (1928) on urine formation in certain teleost fishes whose kidneys 
are not equipped with glomeruli, to perfusion exiienments with frogs’ 
kidneys, notably by Hober and his pupils at Kiel, which showed that 
certam dyes (Scheminzky 1929), as well as uric acid (Lueken 1932) and 
urea (Hober 1930), when suppUed to the tubules but not to the glomeruh, 
are excreted in high concentration, and, most important, the exi>enments 
of Marshall and Vickers (1923) and Marshall (1931) on the excretion of 
phenol red by the dog’s kidney m which it was proved that this dye is 
extracted from the blood by tubule cells and discharged from them into 
the tubule lumen * 

We have the task of deciding whether the excretion of a substance by 
the kidney is the result of failure of the tubule to reabsorb it from the 
glomerular filtrate or whether instead of, or m addition to this, the tubule 
actively excretes it 

The substances which were studied are urea (Walker and Hudson 19376), 
inorgamc phosphates (Walker and Hudson 1937c) and creatmine (Hendnx, 
Walker and Richards, unpublished) The results, not as unequivocal as 
had been hoped, are shown in fig 21 as average curves of change m con¬ 
centration between glomerulus and ureter A similar curve of glucose 

* More recently, similar evidence has been obtained that certam organic lodme 
compounds used in X ray urography (diodrast, 3 6 diiodo 4 pyndon N acetic acid 
diethanolamme and hippuran, sodium ortho lodohippurate) are m part excreted by 
the tubulee of mammalian kidneys (Landis, Elsom, Bott emd Shiels 1936, Elsom, 
Bott, Shiels 1936) 

38 a 
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values, constructed fiom the data of Walker and Hudson (1937a) from 
phlorhmmzed animals is also included 
If, as we beheve, the mcrease m glucose concentration is the result 
solely of reabsorption of water, we may say at once that the same cause is 
adequate to explain the rise in concentration of urea m the tubules of 
Necturus and of inorgamo phosphate m those of both the frog and Neclurus, 
the curves give no intimation of secretion of these substances by tubule cells 



Fio 21 Average curves representing changes in concentration of urea, inorganic 
phosphate and oreatmme m passage through the tubules of normal frogs {F) and 
Neotun (N) together with changes in glucose concentration m phlorhizinized animals 


The marked divergence from these of the curve of urea concentration m 
the tubules of the frog and of that of creatimne concentration m the 
tubules of Necturus may be taken to mean—^though it scarcely proves— 
that a fraction of urea is excreted by frogs and of creatimne by Nectun 
through the wall of the tubule If this is correct, the mdication is 
that both of the chief segments of the tubule possess secretory capacity 
for these substances It is of mterest to note that the tubules of these 
two amphibian species are not ahke with respect to the excretion of 
these substances 

A second curve of PO4 concentrations has been mcluded denved from a 
mmonty of the observations of Walker and Hudson (1937 c) It shows that 
morgamc phosphate, like Na, Cl and glucose m normal animals, under 
some circumstances, is restored to the blood by reabsorption from the 






The Croontan Lecture 427 

glomerular filtrate and that the seleotive reabsorptive process concerned 
operates m the proximal segment 

The question now arises whether the conclusions which have emerged 
from these experiments with amphibian kidneys, particularly those con- 
cermng glomerular filtration and tubular reabsorption, are transferable 
to processes within the more highly differentiated mammahan organ The 
methods which I have been describing have not yet been meide adaptable 
to mammalian study, hence the answer will be less direct I think, how¬ 
ever, that it 18 none the less certain that the mammahan glomerulus is a 
filter and that the chief function of the mammahan tubule m the elabora¬ 
tion of normal urme is reabsorption 

1 Study of the minute structure of the mammahan glomerulus gives 
no more evidence of the existence in it of a secreting structure than has 
been found in the Amphibia Actually it gives less, for the epithehal cells 
which mvest the glomerular capillanes m Amphibia are more conspicuous 
structures than in mammals 

2 The weightiest objections which m the past have been raised against 
glomerular filtration m the mammahan kidney have been shown to have 
been based upon madequate experimentation * 

3 Positive and, I thmk, comjieUing evidence has recently been obtained 
m the study m mammals of the circumstances of the renal excretion of 
substances with large molecules, particularly of mulin 

* In addition to the objections which hnvo been discussed, two others should be 
mentioned Hober and Mackuth (1927) found that urine formation in the perfused 
frog’s kidney is reversibly decreased by asphyxia (KCN or O, lack) They attributed 
this to mhibition of active secretion by the glomerulus because the arterial perfusion 
flow through the kidney—their criterion of glotnendar perfusion—was not lessened 
They failed to recognize that many other arteries than those which supply glomeruli 
are reached by the arterial perfusion fluid and that tliose react to asphyxia by 
dilatation while glomerular arteries and arterioles react by constriction It seems 
oertam, therefore, that the diminution in urine was the result of lessoned glomenilar 
pressure and flow (Beck, Kempton and Richards 1938) 

Holton and Bensley (1931) have recently upheld Heidenhain’s demal of the 
excretion of indigo carmine through the rabbit’s glomerulus because, like him, they 
were unable to find traces of the dye in tho capsular spaces m sections of kidneys 
excised during its excretion These failures arc explained by the observation that 
unless the glomerular filtrate contains as much as 8-10 mg % of mdigo carmmo, 
visibly coloured residues in the capsules are not to bo found in sections prepared 
according to theur teohmque Only about 16% of the mdigo carmme in rabbit’s 
plasma is unoombmed, hence filtrablo The concentration of mdigo carmine in blood 
plasma after its intravenous mjection into rabbits dmimishes very rapidly When 
dosage and time of excision of the kidney were chosen with reference to these facts, 
mdigo carmine was found m the capsular spaces (Kempton, Bott and Richards 
*937) These findmgs do not, of course, mvalidate the mam contention of these 
authors that the chief site of excretion of mdigo carmme in rabbits is the tubules 
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From the expenments with frogs, it was argued that the opeiungs or 
passages m the glomerular membrane through which the filtrate escapes 
are larger than the dimensions of an inulin molecule and smaller than 
those of the molecule of horse serum albumin, the largest molecule which 
was found to pass through, and that probably not through the entire 
glomerular surface, is that of egg albumin 
Now let these three substances be injected mto the circulation of a dog 
Inuhn IS excreted in the urine with remarkable rapidity and complete¬ 
ness In one of our expenments, 70% of an mjected dose of 14 6 g was 
excreted in 46 mm When egg albumm was mjected along with an equal 
amount of mulin, its excretion was somewhat slower though eventually 
quite as complete When horse serum albumin was mjected it was not found 
m the unne, even m traces If now we have proof that neither inulm nor 
egg albumin is excreted even in part by the tubules of the mammahan 
kidney we should be able to say that the “mesh” of the mammahan 
glomerular membrane is approximately the same as that of the amphibian 
and that glomerular excretion is solely the result of filtration 
Concerning egg albumin, there is much evidence, chiefly histological 
(Bayhss, Kemdge and Russell 1933), that it escapes through the glomer¬ 
ulus , none, so far as I am aware, that the tubules excrete it 
Concermng muhn, we know that the aglomerular kidney of teleost fishes 
18 unable to excrete it, even when mjected intravenously m large doses 
(Richards, Westfall, and Bott 1934, Shannon 1934) The same is true of 
the frog’s kidney when inulin is supphed only to the tubules (Richards, 
Bott and Westfall 1938) In dogs and rabbits in which renal arterial blood 
pressure has been reduced to or below the colloid osmotic pressure of the 
plasma proteins, thus rendering glomerular filtration impossible, injected 
inuhn 18 not excreted mto lumina of tubules, whereas simultaneously 
injected phenol red or hippuran is (Richards, Bott and Westfall 1938) In 
dogs and rabbits the concentration ratios, UjP, of mjected muhn and 
creatinine are the same (Richards, Westfall and Bott 1934, 1936, Shannon 
1935 a , Kaplan and Smith 1935) This means that their rates of excretion m 
relation to concentration m plasma (plasma clearances) are identical In 
these ammals, and also in man, durmg phlorhizm poisomng, their rates 
of excretion are identical with those of glucose (Shannon and Smith 1935, 
Shannon 19356) If one is to beheve that secretory processes in tubule 
cells participate in the excretion of these substances he must make the 
mcredible assumption that they deal with these three widely different 
substances identically, whereas if filtration is the sole excretory process 
the rates of their removal from the plasma must mevitably be the same. 
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provided only that the glomerular filter is permeable to all alike, as, in 
frogs, we have found that it is For these reasons we beheve the glomeruh 
of higher mammals and man to be filters with nearly as sure conviction 
as that held concerning the amphibian glomerulus 

In Cushny’s development of the theory that the only processes of unne 
formation are those of filtration and reabsorption it was implicit that the 
rate of filtration could be quantitatively measured if some constituent of 
the glomerular filtrate were found which is not reabsorbed from the tubules 
The amount of such a constituent excreted m the urme per minute divided 
by the amount contained mice of plasma filtrate would give the total 
volume of glomerular filtrate formed per minute Rehberg (1926), accept¬ 
ing Cushny’s fundamental assumptions, suggested that creatimne might 
be such a substance, its concentration ratio (urme/plasma) being the 
highest of any of the normal constituents of plasma and unne He 
published the results of such measurements made uiwn himself The vaUdity 
of his suggestion rested upon the then unproved assumptions that crea- 
tinme is completely hltrable through the glomerulus, is not excreted by 
the tubule and is not reabsorbed from it The facts stated above justify 
belief that the first two of these assumptions are true with respect to 
inubn Its low diffusion coefficient, the magnitude of the values of its 
clearances and their identity with those of creatinme m dogs and rabbits 
indicate that httle if any is reabsorbed Hence we have confidence m 
accepting the inulin clearance, and hence that of creatinme, in these 
ammals as an actual measure of the glomerular filtration rate In man, 
creatimne clearance exceeds that of mulm by from 30 to 40 % (Shannon 
1934) From this it has been concluded that the tubules of the human 
kidney secrete a correspondmg fraction of the uniiary creatimne There 
are enough uncertainties, however, concermng the ongin of unnary 
creatimne to justify reservations in the acceptance of this conclusion 
Many determmations of mulm clearance have now been made, the 
majority in the laboratory of Professor Homer Smith at the New York 
Umversity Medical College In rabbits (Kaplan and Smith 1935), at unne 
rates above 1 c c /min , it averaged about 66 c c /sq m /mm , m dogs 
(Shannon 19350) the average figure at urme flows of from 0 4 to 7 c c mm 
was about 66 c c /sq m /mm , m man the average inuhn clearance was found 
to be about 70 c 0 /sq m /mm For “ideal” man of body surface of 1 73 
sq metres the glomerular filtration rate estimated from mulm clearance is 
about 120 c 0 /mm (Smith 1937) This value is obtained whether unne is 
being excreted at the rate of 0 6 c c /mm as a result of water depnvation 
or 16 c c /mm because of excessive water intake, or at intermediate rates 
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We come at last to a conclusion substantiated by a large volume of 
evidence, direct and mdirect, which seems to me to be of first importance 
m any consideration of kidney function viz that the beginnmg of unne 
formation consists in the separation from blood of a torrent of undiffer¬ 
entiated filtrate by a bhnd physical force Its volume is so great as to 
contam all the normal constituents of plasma which must be excreted, 
with the possible exception, for man, of a fraction of the creatinme, it 
contams also large quantities of glucose, ammo acids and salts which must 
not be excreted In the cells of the tubules reside the capacities of restonng 
to the blood by finely adjusted selective processes of reabsorption those 
substances which the body must keep 
In tubule cells also reside secretory capacities which are responsible for 
the excretion of most or much of some foreign substances of which phenol 
red and certain organic iodine compounds may be taken as typical, but m 
the present state of our knowledge we are not required to beheve that any 
of the urea, unc acid, anions or fixed bases are normally excreted other¬ 
wise than by filtration through the glomerulus In the formation and 
elaboration of normal unne in higher ammals and man the work of ex¬ 
cretion 18 largely, if not wholly, performed by the heart through the 
medium of the kidney by the maintenance of adequate glomerular cir¬ 
culation The normal work of the kidney itself consists in very large part 
m salvaging to the orgamsm those constituents of the glomerular filtrate 
whose loss would entad irretnevable damage 
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Ferbier Lecture 

The localization of activity in the brain 

By E D Adrian, F R S 

{Delivered 10 NoveinJber 1938—if/S received 29 November 1938) 

[Plates 15-20] 

Sixty-eight years ago Fntsch and Hit/ig (1870) published their first 
pajHivon the electncal excitability of the cerebral hemispheres Followmg 
the doubtful indications of an exfienment on man they had tried the efiect 
of galvanic stimulation on the exposed cortex of a dog It was the general 
belief that the cerebral cortex was inexcitable, but Hitzig found that 
a current applied to certain areas would produce characteristic movements 
of the head and the limbs Their paper marks the begmnmg of a new era 
m cerebral physiology Until it appeared animal experiments had failed 
to demonstrate any localization of function m the cerebrum, and although 
certain nervous disorders in man suggested it, the general opinion was that 
the cerebrum was too highly organized to admit of any regional differences 
m behaviour The now result agreed with the < linical evidence, with Broca’s 
asphasia and Jackson’s speculations on epilepsy, but it went very much 
further it showed, in fact, that the activities of the cerebrum were withm 
the reach of experimental analysis 

Three years later David Forrier (1873) developed the full possibihties 
of the new method of research He was then a man of thirty workmg m 
the laboratory maintained at the West Riding Asylum by James Cnchton 
Brown Many of us have seen these two emment Victorian physicians in 
their old age and will be glad to keep the memory of Femer’s slight, alert 
figure and Cnchton Brown’s dignified vitahty It is a memory which Imks 
us to a classical penod m the history of medicme, the penod when neurology 
became a science 

Femer confirmed the work of Fntsch and Hitzig, but he was able to 
go much further than they had done He found that the faradic current 
was a much more effective stimulatmg agent than the galvamc and with 
this improvement m technique was able to map out the excitable regions 
of the bram m much greater detail With the repeated stimuh mstead of 
the constant current the character of the movements stood out more 

«9 
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clearly and there was no danger of mjunng the cortex by the stimulus 
Within ten years he had established the mam facts relating to the localiza¬ 
tion of the motor centres m the cerebrum and had already seen how these 
facts might be used as a guide to surgical operations 

The facts of cerebral localization which Femer established have never 
been senously questioned Their value as a gmde to cerebral organization 
has been more m dispute, for there have been times when they have 
seemed a dear guide to the nature of cerebral mechanisms in general and 
other times when they have seemed to show merely how the cerebrum 
18 linked to the muscles Changing fashions in physiology have been 
partly responsible, but there have been fresh data pointing to further 
possibihties of analysis and fresh difficulties pointmg to the folly of expec¬ 
ting any such analysis to explam the highly organized behaviour of man 

STlMUtATION O* TUB HUMAN BKAIN 

The position is illustrated by a consideration of recent work by electrical 
stimulation of the human cortex A Ferrier lecture ought ui any case to 
refer to the valuable work in this field which is now possible to the neuro¬ 
surgeon and to mention in particular the detailed maps of the excitable 
areas published by Foerster (1931) and this year by Penfield and Boldrey 
(1938) The results from man are m close agreement as far as concerns the 
motor centres with those obtained by Leyton and Sherrington (1917) in 
their classical study of the chimpanzee’s bram For the sensory and other 
areas there is, of course, the great advantage that a man whose brain has 
been stimulated electncally can say what he felt and thought at the time, 
but although the stimulus produces sensation and movement and even the 
desire to move, it does not give nse to the organized thought or behaviour 
which 18 the finished product of cerebral activity Up to the present, 
therefore, these human results, though intensely interesting, support the 
view that stimulation of the cortex can reveal the receiving and executive 
apparatus of the cerebrum but can show very little of the processes which 
intervene between the mcommg and the outgoing signals Thus there is 
no doubt that incoming signals from the eye arnve in the stnate area 
of the occipital lobe and that outgomg signals to the arm are sent from 
a part of the precentral gyrus Such facts are of great practical value and 
they give definite information about the mechanism of the cerebrum, 
yet it 18 only the mechanism of the entrances and exits, and if we are to 
find out what goes on inside we must turn to the less immediate methods 
of clinical observation, ammal training and the like 
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How far, then, can such direct study of the living brain lead us and 
how can we learn more than the anatomical map which is already so 
complete'* This lecture will discuss some recent methods of addmg to our 
knowledge Many of the results are difficult to assess, but at least the 
methods are in direct succession to those used by Ferner, since they depend 
on an electro-physiological technique 


Eppeots of repeated stimuli Facilitation 

It would be a mistake, however, to turn at once to different methods, 
leaving the impression that electrical stimulation of the motor area gives 
no hmt as to the nature of cerebral processes One such hint dates back 
to the controversy between Hitzig and Femer over the best form of stimu¬ 
lation It rests on the fac t that a rapid succession of stimuli are necessary 
for the production of many of the typical movements To quote Femer 
“The closing or opening shock of the galvamc current causes only a sudden 
contraction m c-ertain groups of muscles, but fails to call forth the defimte 
purposive combination of muscular contractions which is the very essence 
of the reaction and key to its interpretation ” The explanation of this 
supenonty of the faradic current was revealed m the work of Graham Brown 
and Shernngton (1912) When a point in the motor area is stimulated for 
successive brief penods the movement evoked liecomes larger and larger 
at each stimulation This is the phenomenon of ‘ pnmary facilitation” 
and It has many parallels in other parts of the nervous system, peripheral 
as well as central But as the response increases it is found that there is 
also an mcrease in the area on the cortex from which that particular 
movement can be evoked Ultimately, therefore, the whole of a large area 
will give only the one movement although before the stimulation several 
different movements might have been produced from it This is ‘ secondary 
facihtation” leadmg to the “deviation of the response” It is an effect 
peculiar to the cerebrum and shows that the motor centres have traces of 
the plasticity which is the mam feature of cerebral organization 

The changes which occur m the cortex during secondary facilitation 
have not yet been fully analysed It is clear that repeated stimuli can exalt 
the responsiveness of one particular pattern of neurones within a given 
region and it is probable that other patterns are correspondingly sup¬ 
pressed The pattern which is chosen is under the control of the expen- 
menter m so far as it is determined by the facilitation produced by electric 
stimuli, but sometimes a dommant pattern is there already and it is not 
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possible to change it It is not known why the favoured response changes 
from one day to the next and all that can be said is that the previous 
activity of the neurones is probably an important factor For this reason, 
if for no other, the nature of secondary facihtation is an urgent problem 
of cerebral physiology 

There is another way of studymg the effects of repeated stimulation on 
the cortical neurones and it may be mentioned now because it introduces 
the particular method with which we are mainly concerned It consists 
in recording not the movements of the hmbs but the electrical activity 
induced m the cortex itself By this method it can be shown that the 
phenomena of facilitation are not confined to the motor area The large 
areas which are called silent because they do not give rise to movement 
are none the less capable of excitation, for each stimulus produces Iho 
characteristic {lotential change which is the sign of activity With a senes 
of stimuli the action potentials become larger and larger and it can be 
shown that they arise from wider and wider areas with the stimulated 
}K)int as centre (Adrian 1936) Thus repeated stimulation enhances the 
activity of any region of the cortex to which the stimuli are applied 

These phenomena of facilitation have been considered because of the 
part which they may play m the buildmg up of patterns of rosjionse withm 
the cortex They become particularly important m the light of an entirely 
different set of data acquired within the last few years These are the 
outcome of the method illustrated above, that m which the cortical 
activity 18 recorded by its electrical effects 


Electrical activity of the cortex 

Smce the begmmng of electrophysiology it has been known that the 
cells which can be made active by an electric current will give rise them¬ 
selves to a current when they are active Such currents have long been 
used as an index of what is hapxiemng in a muscle or nerve, a record of 
the potential changes between two points showing the bnef waves of 
activity which spread along the fibres With the recent mcrease m the 
range of electnoal technique the method has become apphcable to the 
brain as well Indeed it is now so popular that it has become very hard 
to separate the significant results from the insigmflcant 
Although potential changes from the cerebral cortex had been recorded 
before, the most interesting point about them was not established until 
the work of Prawdicz-Neminski (1913,1925) He used the stnng-galvano- 
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meter to register the currents from the exposed cortex m dogs and found 
a constant oscillation, spontaneous m so far as it persisted in the absence 
of sensory stimulation or of movement From this and from the character 
of the response to stimuli he concluded that the cortical neurones have 
a “special tendency towards periodic activity” 


Potential waves in human and animal brains 

The same tendency was illustrated m a startlmg fashion when Berger 
(1929) discovered that potential changes from the human brain could be 
detected through the unopened skull He found that m a subject at rest, 
with eyes closed and attention unoccupied, a regular senes of potential 
waves could be recorded from the surface of the head The waves recur 
with a frequency of about 10 per sec and constitute Berger’s a rhythm 
There is no doubt that they anse m the cerebral cortex and express the 
activity of the neurones there It was thought at first that these waves 
came from every part of the cerebrum and showed the true unity of its 
behaviour In animals, however, no such uniformity of response had been 
observed Kornmuller (1932) soon afterwards established the fact that, 
under certain conditions at least, there might be as many different types 
of electrical activity as there were different types of structure m the 
cortex, each cyto-architectural area giving potential oscillations with 
characteristic wave forms, frequency and degree of regulanty Thus the 
records from the brains of man and of other animals agreed m showing 
a persistent activity in the cortical layers, but disagreed in showmg 
uniform activity m the one tyjie of brain and diverse activity in the others 

Further work has made it clear that there is no real contradiction between 
Berger’s findmg of the regular a rhythm over wide areas and the many 
observations which prove that different parts of the cerebrum may react 
differently The a waves in man are not produced under all conditions of 
activity or from all parts of the cortex As a rule they come mainly from 
the occipital regions and then only when visual attention is completely 
relaxed In certam subjects they have been found to arise in the frontal 
and parietal regions as well, and m other subjects they have not been 
found anywhere With such wide vanations in ongin it is clearly impossible 
to relate the waves to certain localized structural areas and the important 
pomt seems to be that they are charactenstic not so much of a particular 
region as of a particular condition of the cortical neurones The condition 
seems to be that they should not be exposed to any disturbmg mfluence, 
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for in normal subjects the waves in the occipital region only appear when 
visual attention is not aroused This explanation mvolves the view that 
the state of the cortex may bnng mto prommence either the local differences 
m behaviour or the properties shared by neurones m general There is 
nothmg unreasonable m this, for m animals the type of persistent electrical 
activity m a given cortical area may be altered out of all recognition by 
a change from one kmd of anaesthetic to another Indeed Berger’s 
findings on man can be repeated on animals the different areas certainly 
preserve their characteristic types of response under the standardized 
conditions used by Kommuller, yet Ectors (1936), Remple and Gibbs (1936) 
and Rhemberger and Jasper (1937) have found the simple a rhythm over 
wide areas when the animal is m the suitable state of placid contentment 

Records of the cortical potentials raise fresh hopes of analysmg the 
workmg of the cerebrum for they show the constant activity in every part 
of it and not merely m the amval and departure platforms In theory, 
therefore, they should make it possible for us to see the whole cortical 
organization at work In practice we are very far from this One reason 
IS that we are still quite ignorant of the meaning of most of our records 
m terms of cell reactions and cell structures Another is the great vanability 
of the results, for in no two experiments will the brain respond m exactly 
the same way, and indeed we could scarcely expect that it would Fmally, 
there is the difficulty of knowing where to begm, when so many different 
observations can be made with so little certamty that one line of enquiry 
IS better than another 

These are reasons for not expecting a very rapid advance, but the method 
has already led to some general conclusions relating to the factors which 
modify the degree of activity in different parts of the cortex They touch 
on the whole problem of localization and will be worth summanzing if 
only to show what different asjiectB this problem may assume 


Local potential waves due to sensory stimulation 

The electrical changes which can be most readily controlled are those 
produced in the receiving areas of the cortex by the stimulation of sense 
organs and sensory nerves The regions m which they appear correspond 
very closely with the sensory areas mapped out by other methods They 
are not a recent discovery for they were reported by Caton in 1876 as 
a sequel to Femer’s work But with modern mstruments they can be 
analysed m detail In the post-central area for instance Marshall, Woolsey 
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and Bard (1937) find that sharply localized potential waves are evoked 
by light touches on various parts of the body In the auditory area 
(Bremer 1937) and the visual (Bartley and Bishop 1933) the distnbution 
of activity seems to be more general, but m the latter the boundaries of 
the electncally active region correspond very closely with those of the 
stnate area (cf fig 1, Plato 16) 

The form of the potential waves has been studied with great care by 
Bartley and Bishop, their method bemg to stimulate the optic nerve 
electncally and record the response m the striate area They have found 
several waves, vaned in magnitude by a cyclical change of excitability 
in the cortex, and Bartley and Heinbeoker (1938) have recently found that 
the response in the post-central region is built up out of the same elements 

These local waves may represent either the amval of a sensory volley 
m the terminal dendntes of the afferent fibres or the response of the cells 
which are exposed to the volley Their exact origm is still uncertain for 
they occur in an extremely complex structure which cannot be dissected 
into its components Various methods of analysis have been used, e g 
recording by micro-electrodes (Forbes and others 1937), thermocoagulation 
of the outer layers of the cortex (Dusser de Barenne 1934) or local applica¬ 
tion of strychnme or novocain (de Barenne, Bartley and Bishop), and these 
have already narrowed the issues considerably It does not seem possible 
to apply the method of analysis by conducted electrotonic effects which 
Barron and Matthews (1938) have developed so successfully for the spmal 
cord, but the analysis of spinal cord potentials may help to explain those 
in the cortex 

From the point of view of cerebral organization the most mterestmg 
pomt about the local electrical response is not its close dependence on the 
stimulus but the cyclical variations in size which Bartley and Bishop are 
investigating These give evidence of direct interaction between the 
afferent signal and the cortex and, as will appear later, it is the mteraction 
between the local excitation and the background of spontaneous activity 
which IS an essential feature of the cortical response Attempts to trace 
the effect of the local response on surroundmg regions are met by vanous 
difficulties, e g those arising from the lack of a quiet background and from 
the use of an anaesthetic to put the brain out of action But fortunately 
these difficulties do not prevent the investigation of one very important 
consequence of the local excitation In fact the anaesthetic, by depressmg 
the general level of spontaneous activity, brmgs into greater prommence 
the facilitation which may follow a stimulus 
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General level of activity in the brain 
(a) Sleep 

Before discussing the electrical records of anaesthetized brains it may be 
as well to consider a more familiar example of a change m the level of 
activity of the brain following a stimulus The example is simply that of 
a sleeper roused by a knock on the door If the knock is not very loud it 
may produc-e merely a slight return of tone in the muscles, a change in the 
breathing and iierhaps a readjustment of the limbs if it is louder it will 
produce a sudden return to the fully integrated activity of waking life, 
and the change from deep sleep to waking involves an increased response 
m every part of the central nervous system, a return of the spinal reflexes 
as well as a return of consciousness 

The wakmg of the brain is reflected in the change in the potential waves 
which can be recorded from it In deep sleep occasional large excursions 
take the place of Berger’s a rhythm, in lighter sleep various new rhythms 
appear and there are occasional short groups of the a waves, and the 
a rhythm reaches its maximum regularity when the sleeper is awake but 
has not opened his eyes The increased activity on waking is shown in 
animals as well as m man, for Bremer (1936) has found it possible to lead 
directly from the cortex and has recorded the change from an occasional 
group of waves in the sleeping brain to a constant succession of them in 
the waking 

(6) Narcosu 

In an ammal anaesthetized with one of the barbiturates the level of 
activity may show the same kmd of alteration With dial, for instance, as 
in natural sleep, there are occasional fienods of slight restlessness, sometimes 
without obvious cause and sometimes induced by sensory stimuh As in 
sleep these periods are associated with an increase in the electncal activity 
of the cortex There is, of course, the difference that with an adequate 
stimulus the state of natural sleep may be changed to one of waking 
activity which mamtains itself for hours, whereas under dial the waking 
never proceeds beyond its imtial stages The anaesthetic has produced 
a state m which prolonged activity is impossible, the stimuli soon lose their 
effectiveness and the limbs become flaccid again (fig 2, Plate 16) 

Regional awakening 

If electncal records are made from the bram in dial narcosis it is found 
that the increase in activity caused by a sensory stimulus is not only short- 
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lived but may be confined to the limited area of the cortex m which the 
sensory message arrives This locahzed or regional awakemng can be seen 
in records from the stnate area, where the spontaneous activity takes the 
form of an occasional senes of abrupt waves with a frequency ranging from 
12 per sec m moderate to 6 per sec in deep narcosis If the eye is illumi¬ 
nated the signals which amve from the optic nerve set up more rapid and 
irregular potential waves (fig 3, Plate 16) and there isarenewalof these when 
the light 18 turned off But the point with which we are now concerned 
IS that the directly mduced activity often leaves behind it a iienod m which 
the spontaneous activity is increased If the waves were present before 
the illummation, they become larger and more regular after it, and if they 
were absent the light may start a long series of them (fig 4, Plate 16) 
As a rule the effect is confined to the striate area and there is no increased 
activity in other regions 

The same result, the mcrease in siiontaneous activity following the arrival 
of a signal, can be seen in other areas than the striate Bremer has shown 
it in the auditory area of the cat, and hg 6 (Plate 16) gives an example from 
the jiost central region of the monkey Here the spontaneous waves are 
larger and more complex than in the striate area In the absence of 
stimulation they occur in sudden irregular outbursts at rare mtervals, 
and, as the figure shows, passive flexion of one of the fingers may start a 
continued series lastmg many seconds 

Under moderate anaesthesia the mcrease m activity caused by a sound 
or a touch is confined, like that caused by a hght, to the cortical area in 
which the signals amve With more urgent stimuli there may be a more 
widespread increase, but when this occurs the local patterns of activity 
are preseived Thus pinching the finger may start the 10 per sec rhythm 
in the striate area as well as the larger and slower waves in the post 
central, in light anaesthesia the same effect may follow a touch or it may 
occur without stimulation When it follows a pmeh the increase in activity 
18 most probably due to the arrival of pam signals m the thalamus rather 
than of touch signals m the lortex It is unhkely, however, that the pro¬ 
cesses involved are very different 

So far then, the electrical evidence has shown that there is normally 
a persistent activity in all parts of the cortex, that it may be greatly 
reduced by an anaesthetic such as dial which produces a state resembling 
sleep, and that it may then increase either locally or generally when 
a sensory message arnves Some process akin to facilitation might explain 
how the message wakes up the surrounding area, but we can learn more by 
turmng to another line of evidence The same kind of regional awakenmg 
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can be produced by local stimulation of the cortex as well as by an afferent 
message and although the whole process is more artiRcial it is m some ways 
easier to follow 


Activity induced by local stimulation 

An electncal stimulus to any part of the cortex will cause a local excita¬ 
tion and a local potential change not very different m form from that 
produced by a sensory message In the surroundmg areas it produces two 
distmct effects, both referable to some form of facihtation but referable 
to different levels of activity They are (1) a direct transmission of the 
excited state from neurone to neurone, and (2) a general increase in the 
excitability, or in the tendency to contmued discharge, in the neurones 
which are not directly excited 

The first, more direct, effect is best seen m the cortex of the rabbit when 
repeated stimuli have produced a high degree of responsiveness (Adrian 
1936) Each stimulus of the senes (if the frequency is not too high) will 
then set up a wave of activity which travels outwards from the stimulated 
point mto neighbounng areas (fig 6 A, Plate 17 ) As the facilitation increases 
the waves become larger and spread further and further until ultimately each 
of them travels outwards over a circle 1 cm or more in diameter Within 
this area no other form of activity can occur If the mcrease continues, 
the regular senes may be broken by waves startmg from fresh foci within 
the affected region, and long after-cUscharges may occur when the stimu¬ 
lation IS over (fig 6B, Plate 17 ) On the other hand m deep narcosis the 
budding up of the facilitateil area may be cut short by a rapid fadure 
after the mitial mcrease in the response 

The waves produced by repeated stimulation are chiefly interesting on 
account of their resemblance to the waves which can be recorded from the 
brain during epdeptiform convulsions Both in those due to disease and 
to convulsant drugs we fand large potential waves of the same form spreading 
over the cortex and monopolizing its whole activity Granted the focus 
of persistent rhythmic excitation it is not very difficult to understand how 
one group of neurones after another may come to discharge m phase with 
the pacemaker, so that a pulse of synchromzed activity spreads through 
the cortical neurones as it does through the heart muscle It is true that 
this form of activity is quite abnormal for the brain but it shows how 
facditation may operate m an extreme case 

The other result of local excitation must be studied in equally artificial 
conditions but does not involve such an abnormal degree of facditation 
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It 18 the effect resembling that of a sensory message, the local excitation 
starting a tram of waves of the same type as those which make up the normal 
persistent activity As usual it is necessary m destnbing the behaviour 
of the bram to specify both the animal and the anaesthetic In the monkey 
under dial it is possible to show the different patterns which can be evoked 
by a stimulus to different parts of the cortex, but the way m which the 
stimulus operates can be followed most easily m the cat’s bram m fairly 
deep narcosis with dial or nembutal In these conditions, as Bremer has 
shown, the spontaneous activity takes the form of groups of waves separated 
by quiet mtervals of 3-4 sec (fig 7 , Plate 17 ) The waves m each group 
occur at a frequency of 6-11 per sec and are isolated spikes rising from a 
quiet base Ime With surface electrodes the potentials are mainly due to 
the superficial structures of the cortex, though similar groups can be 
detected m the deeper layers (fig 8 , Plate 17 ) 

When the narcosis is so deep that sensory stimulation has no effect, 
the groups appear with a regularity not far removed from that of respira¬ 
tion As the narcosis deepens the groups become shorter and the quiet 
mtervals longer, until ultimately there may be no more than an occasional 
isolated wave It is at this stage that the effect of stimulation of the cortex 
IS most obvious, for one or more shocks will then start a typical group of 
waves (figs 9 , 10 , Plate 18 ) In the lighter stages the effect may be obscured 
by the spontaneous groups, but if the interval between them is long it is easy 
to show that a stimulus can make a group appear earlier than it would 
otherwise have done In the records which illustrate this (fig 10 ) it will 
be seen that if the stimulus falls very early m the quiet mterval it will 
either have no effect (apart from the local response) or will produce a group 
of only a few waves the later it falls the larger will be the response to it 
It seems, therefore, that after each group has occurred there is a gradual 
return of the conditions favourable to activity, that ultimately this will 
lead to a spontaneous discharge, but that a local excitation can act as 
a tngger which will start the discharge before the breakdown pomt is 
reached 

It may be mentioned that in the rabbit the regular alternation of active 
and inactive periods is rarely found, but m deep narcosis where there is 
very little spontaneous activity a single stimulus will set up a rhythmic 
succession of waves The duration of the group then follows the same rule 
as m the cat, lasting 2 sec or more if the cortex has been at rest and 
only i sec if it has been recently stimulated to activity 

The grouped discharge represents a release of activity which may spread 
over a fairly wide area once it has been started by a local excitation, spon- 
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taneous or induced The way m which the spread takes place can be 
followed by recording simultaneously with several oscillographs from a 
number of electrodes arranged in line on the cortex It can then be seen 
that the waves of activity are rarely stationary, for the region of maximum 
negatively on the surface usually shifts a few mm along during each wave 
When the group is started by an electrical stimulus the first few waves 
are develojied at the stimulated point and may or may not move a short 
distance (fig 11, Plate 19), but as one wave succeeds another the starting pomt 
may shift gradually so that the activity spreads into fresh areas Thus the 
last wave of a group may start at a pouit as much as 2 cm away from the 
first one (fig 12, Plato 19) 

The shift in origin occurs as much in groups which have developed 
spontaneously as in those induced by a stimulus It vanes greatly in 
extent, but it is noteworthy that a considerable shift can occur without 
any marked disturbance m the regulanty of the senes It must, therefore, 
be due to fresh neurones becoming involved m the discharge and taking 
over the function of pace maker because they are now the most excitable 
elements in the system In fact the process resembles the development of 
the spreading waves with repeated stimulation, the difference being that 
without the stimuli there is nothing to hx the origin of the wave system 

In addition to this spread of the activity by direct transmission there 
18 a general facilitation m surrounding areas It is shown by the fact that 
fresh wave systems often appear dunng the active penod and produce sudden 
irregularities in the records (fig 13, Plate 19) The new waves come from 
centres of activity which have been brought to the point of discharge by 
the general mcrease of excitability These waves will spread into other 
regions and so will carry the facilitation still further Thus a period of 
activity started at one point will tend to spread widely and if there are 
no competing pacemakers it will make the whole cortex follow its 
lead 

This tendency towards the spread of activity in the cortex can be demon¬ 
strated 111 vanous ways For instance in either the cat or rabbit if the 
narcosis is deep enough to stop any spontaneous discharge a single stimulus 
to one point on the cortex will often initiate a period of activity over the 
whole surface And in the cat if spontaneous groups occur at fairly long 
intervals there is usually a general, though not a detailed, agreement m 
the penods of rest and activity in regions some way apart In hghter 
narcosis there is less chance of a single pacemaker dommatmg the cortex 
the intervals between the active penods are much shorter and there is 
less agreement between different points 
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Although for simphcity the cortex has been spoken of as though it was 
no more than a large sheet of cells and dendrites, there are in fact the 
elaborate association fibre systems which make short cuts from one pomt 
to another These must play a considerable part in the spread of activity 
and may explain the occasional appearance of two foci 1 cm or more 
apart discharging almost simultaneously Another factor of great impor¬ 
tance IS the connexion between cortex and thalamus, for there is abundant 
evidence to show that the two regions may reinforce one another even m 
deep anaesthesia Indeed destruction of the connecting fibres may abolish 
the spontaneous activity of the cortex and excitation of the cortex by 
strychnme may cause intense activity in the thalamus (Dusser de Barenne 

1938) 


ASSO< lATlON OF NFURONES 

Records of the spontaneous potentials illustrate not only the way m which 
activity may spread, but the way in which the neurones may form large 
or small associations under the influent e of tomiieting centres This can 
be seen in the sudden changes in size of the waves, eg in fig 14 A where 
a regular senes breaks down into small, rapid oscillations and in fig 14B 
where a number of distmct wave systems suddenly merge into one (Plate 20) 
Clearly if the cortex is in a iimform, undisturbed condition a single pace¬ 
maker may control a large area, but this would break up into a number of 
small territories when there are several competing foci m it Changes of this 
kind due to the fusion and disficrsion of neurone aggregates are more 
often seen in lighter anaesthesia, particularly in preparations under ether 
In these there may be recurrent periods of activity some of which are 
made up of large, simple waves and some of very small irregular oscillations 
(fig 16, Plate 20) Sometimes there is a sudden change from the one to the 
other durmg the active period and it is sometimes possible to bnng the inde¬ 
pendent foci into temporary unity by an electric stimulus which will make 
them all start fairly together (fag 16, Plate 20) On the other hand a unified 
wave system is sometimes broken up by the sensory stimulation of some 
part of the body 


Inhibition 

These records illustrate some of the general pnnciples governing cerebral 
organization such as the tendency to penodic discharge in the cortical 
neurones and the tendency for activity to spread, etc, but it must be 
remembered that there are some very important factors which are not 
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shown They could scarcely be looked for m the narcotized brain where 
the level of activity is already very low, for they are the factors which 
check the tendency for the level to nse General exhaustion of available 
energy would be one such factor and it may be operative in the records 
of the grouped discharge, but inhibition is far more important In the 
normal working of the cerebrum the spread of activity is directed mto 
particular channels which vary from moment to moment and this canaliza¬ 
tion must involve inhibition as much as excitation Indeed the development 
of any organized response would be quite impossible without some means 
of controlling the tendency for activity to spread m all directions But 
mhibition must be studied by other methods and we are now concerned 
only with the excitatory factors 


“Spontaneous” activity 

The foregoing account has emphasized the importance of sensory stimu¬ 
lation in raismg the level of activity in the cortex But it has made use 
of the phrase spontaneous activity and has never defined its meaning 
The account would not be much the worse for the lack of prec iso definitions 
yet the word “spontaneous” is a frequent cause of misunderstandings 
These are worth avoiding and a discussion will also serve to show that the 
neurones in the cortex do not differ fundamentally from neurones elsewhere 

The confusion which may arise when we contrast induced and spon¬ 
taneous activity 18 illustrated by considering the rhythmic movements 
of breathing The penodic inflation of the chest (in the mammal) is normally 
timed by penodic signals from the sense organs in the lungs, but if these 
are elimmated by cutting the vagi the movements still occur though at 
longer mtervals It is found, however, that there is now no group of sense 
organs with the specific function of starting or stopping each mflation of the 
chest Apparently the discharge of motor impulses starts w hen the respiratory 
centre has recovered to the pomt of spontaneous overflow and stops when 
the available energy is used up 

This discharge of the deafferented respiratory centre can be described 
as spontaneous, for there is no jienodic stimulus to start each movement 
But a constant stream of afferent mipulses still enters the spinal cord 
by every nerve root, and although none of the sensory messages has a 
direct effect on the respiratory centre their presence in the background 
may be a factor in maintaining its activity It is true that respiration 
contmues in very deep anaesthesia when much of this background is 
probably cut off, on the other hand the facilitating effect can be seen very 
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clearly m certain conditions in which the activity of the centre is far below 
normal Thus m a rabbit under very deep dial anaesthesia the breathmg 
may slow down and finally cease altogether Pmching the foot will then 
restore the movements for a short time, although the anaesthesia is deep 
enough to prevent any efiect on the blood pressure or the tone of the hmbs 
By some process of irradiation the afferent impulses have raised the 
excitability of the centre to the level at which discharges occur In the 
same way Barcroft and Barron {1936) find that in the foetal sheep a stimulus 
like a tap on the head wiU start a senes of respiratory movements some 
time before these movements occur regularly 

Another example recalls two names particularly appropnate to this 
special occasion In his Hughlings Jackson lecture m 1931 Sir Charles 
Shernngton discussed the scratch reflex, that other rhythmic movement 
which m his hands has taught us so many pnnciples of spinal integration 
In this, as m respiration, a complex pattern of movement is repeated 
penodically and penodic afferent signals are not needed to determme the 
rhythm But here the activity as a whole is much more clearly dependent 
on a particular afferent inflow, though the inflow need not be rhythmic 
seratchmg, in fact, is certainly a reflex rather than a spontaneous effect 
Midway between scratching and respiration come the rhythmic movements 
of locomotion in the leech, as reported in a recent paper by Gray and others 
(1938) These movements are much more persistent than the scratch reflex but 
if they are to contmue there must be some inflow of sensorj' impulses from 
the stretch receptors There is no need, however, for the inflow to be 
jienodic a steady stream will raise the level of excitation in the central 
nervous system and the periodic discharge will then occur In the mtact 
animal it would, no doubt, be modulated by a periodic sensory inflow 
just as the respiratory discharge is modulated when the vagi are 
intact 

It would certamly be possible to multiply these examples without limit 
and to find every shade of spontaneity in the central nervous system, 
ranging from the electrical rhythms which continue m isolated parts of 
the brain to reflexes which are no more than a direct response to an 
afferent signal The same wide range of behaviour could, 6 f course, bo found 
in excitable tissues outside the c entral nervous system But in the brain 
it 18 important to recogmze that afferent impulses may produce both the 
facihtating effect on spontaneous patterns and a direct excitation of certam 
elements, and to recognize also that within the cortex there may be the 
same wide variation in the tcmdency to spontaneous discharge as there 
IS elsewhere 
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The oonolutuon, therefore, is that the activity set up in a given region 
of the brain by an afferent message will be detemimed by two distmct 
factors One is the actual content of the message, the concentration of 
impulses from moment to moment, which will tend to produce a corre¬ 
sponding ebb and flow of excitation the other is the tendency of the region 
to respond, when excited, according to some pattern of its own determined 
by its structure and, wo may suppose, by its history Thus the bram will 
receive the message and will interpret it m its own way 
These considerations lead us to study not so much the detailed anatomical 
localization of activity m the bram as the general reactions of the cerebral 
apparatus We have to enquire what physical and chemical changes have 
occurred m an area which has been roused by afferent impulses, what 
happens m the neurones to make them discharge periodically and particu¬ 
larly how the pattern of response is established and modified These problems 
seem at present to be nearer solution than any problem of detailed behaviour 
could be For the chief difficulty m cerebral physiology is the enormous 
amoimt of detad which it must ultimately include, and the chief problem 
18 to decide the best hue of approach to such complexity 
The new methods of electnoal mvestigation have added more detail, 
but have already shown some of the lines on which it may be analysed 
From time to time no doubt the task of analysmg these reactions will 
seem hopeless in the face of some new difficulty brought forward by those 
who are mindful of the organic umty of the brain But equally from tune 
to time we shall find out more about the mechanisms which are undoubtedly 
present in it and out of which its behaviour must be built up and it is 
difficult not to believe with Femer that the analysis is worth attemptmg 
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Visual pathways concerned in gonadal 
stimulation in feriets 

By W E Le Gros Clark, F R S , T McKeown and S Zuckerman 
From tJie Department of Human Anatomy, Oxford 

{Received 10 August 1938) 

[Plates 21, 22] 

Anoestrous ferrets become reproductively active m wmter if the number 
of hours of light to which they are exposed daily is j)rolonged by artificial 
illummation (Bissonnette 1932) Thio response, which has also been demon¬ 
strated m wild mice and various species of birds, cannot be elicited after 
hypophysectomy (Hill and Parkes 1933), while it is much impaired after 
division of the optic nerves (Bissonnette 19350, b, 1936) It is therefore con¬ 
cluded by most workers that activation of the gonads m such experiments 
18 primarily dependent on retmal stimulation (Marshall and Bowden 1934), 
and on the effects which such stimulation has upon the pituitary 

The present paper is a record of a senes of experiments which were 
designed to discover possible nervous pathways through which retinal 
stimulation may affect the pituitary 
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MATEBIAIi AND METHODS 

The experiments were performed durmg the non'breedmg seasons 
October to April m 1936-7 and 1937-8 In general the aim of the experi¬ 
ments was to discover whether or not anoestrous ferrets whose visual 
pathways have been interrupted at various levels come mto heat if placed 
under the influence of adibtional daily illumination As controls normal 
ammals and animals whose optic nerves had been divided were exposed to 
identical conditions of illumination m both exjieriraental seasons Normal 
control animals were also kept under ordinary laboratory conditions 
The animals used were adult female ferrets of the poleiat vanoty They 
were obtained from ferret dealers m August and September, and were kept 
under normal laboratory conditions until they were operated upon m 
November or December In all cases the vulva at the time of operation 
was in the typical anoestrous condition 
After operation the animals were transfeired to a room arrangoti for 
exposure to prolonged lighting Each was placed m a separate cage with a 
wire-mesh front, the c ages being arranged m throe rows of four, one above 
the other A frame carryuig four 100 W bulbs was fixed at a distance of 
2 ft in front of the racks, in such a way that no shadows were cast into the 
cages The lighting was conti oiled by an automatic time switch, and was 
turned on from 4 30 p m to 11 p m daily 
After 10 days’ exposure to light the vulva of each animal was examined 
twice a week The animals were mated with males, which had also been 
exposed to extra illumination, as soon as they were seen to be m full heat, 
and were killed by means of deep anaesthesia 3 days later The ovanes 
were sectioned senally, stained with Ehrhch’s haematoxylm and eosiii and 
examined in order to determine whether or not luteini/ation had taken 
place 


Operative technique 

The operations were earned out under stnctly aseptic conditions In 
the case of the intracranial lesions, nembutal anaesthesia was employed 
For exposure of the visual cortex and the mid-brain, a skin incision was 
made in the median plane along the sagittal crest and extending for a little 
way down the back of the neck The large temporal muscles were exposed, 
and their attachments to the sagittal and lambdoidal crests were incised 
with the point of the scalpel The ongin of the muscle wag separated from 
the temporal fossa with the aid of a periosteal elevator, and the whole of 
the skull roof was thus laid bare An openmg was made to one side of the 
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mid-line with a cranial burr, and the surrounding bone was then removed 
piecemeal with bone forceps until an adequate exposure had been made 
The small amount of venous haemorrhage which is usually encountered 
near the lambdoid crest, and at the sinus canal laterally, was arrested by 
the application of bone w ax The supenoi longitudinal sinus was then picked 
up with forceps and coagulated with the endothermy current, and the dura 
reflected so as to expose the whole of the caudal half of the cerebral hemi¬ 
spheres The occipital lobes were resected with the aid of the endothermy 
apparatus In the case of the mid brain ex[)eriment8, the tectum was 
brought to view by furthei lifting up the margin of the cut hemispheres 
until the contour of the supciior colliculi could be clearly seen The collic iili 
were then undercut from the anterioi and lateral as^iects with a fine 
ophthalmic knife 

Bilateral section of the ojitic tracts was accomplished by the ex]ioBuro, 
on either side and through a relatively small trephine opening, of the 
pseudosylvian sulcus and the posterior ectosyhian gyrus Following on 
prelimmary observations which had been made on the cerebral topography 
of the ferret, a fine ophthalmic knife was entered transversely, immediately 
behind the middle of the (iseudosylvian sulcus for a depth of 7 mm (see 
fig 1) This bungs the point ot the knife immediately m front of the anterior 
margin of the optic tract at the level of the ventral pole of the lateral 
geniculate body The knife was then inclined so that its point cut back¬ 
wards horizontally, with the purpose of severing the optic tract immediately 
ventral to its termination in the lateral geniculate body and the sujierior 
colliculus 



Fio 1 Lateral view of brain of a fern t showing the pouit at which 
the oystotomo is entered in order to reewh the optic tract x 1 6 

All the operated ferrets made a rapid recovery, regaining their normal 
activity within a day or two 

The optic nerves were divided, under ether anaesthesia, by incising the 
conjunctiva and rotating the eyeball forwards to allow section of the nerve m 
a retrobulbar position without injury to the other connexions of the eyeball 

30 a 
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EXPERIMBNTAIi RESULTS 

(a) Control anirmls not exposed to arirjkial illumvnatwn 
The five unoperated control animals kept under normal laboratory con¬ 
ditions came into heat in the penod between 4 April and 16 June 

(A) Control animals exposed to artificial illumination 
Five unoperated control animals (18, 19, 24, 62, 63) which wore exposed 
to artificial illumination under the same conditions as the experimental 
animals, came mto full heat after periods varying between 50 and 74 days 
(between 14 January and 16 February) Four of these five animals were 
mated, and luteimzation occurred in the ovaries of all 

(c) Division of the optic nerves exposure to artificial illumination 
One (25) of the four animals whose optic nerves had been divided did not 
come into heat as a result of additional illumination during the winter of 
1936-7 From the spnng of 1937 until its autopsy m the summer of 1938 
this ammal was kept under normal laboratory conditions, but at no tune 
dunng this iieriod was there any sign of vulval swelling 

Another of these animals (41) failed to show any vulval swelling, m spite 
of experimental illumination, during the 182 days followmg the operation 
The third (42) showed only slight swelling by the 174th day, when it was 
autopsied The fourth (16) alone cam© mto full heat as a result of the addi 
tional hghtmg, but only after a prolonged |ienod of 142 days It was 
successfully mated but luteini/ation did not occur The ovaries were small, 
there were no rupture points, and only the beginnmgs of anovulai luteim 
zation could be recognized in some three follicles 

{(I) Removal of the visual cortex exposure to artificial illuimnatirm 
The operation was performed on one animal, 23 The occipital lobes of 
the cerebral hemispheres were both removed with the intention of elimi¬ 
nating visual cortical functions The extent of the area stnata was judged 
by reference to the lateral sulcus, which has been shown in other carmvora 
to bear a close tojiographical relation to the area on the lateral surface of 
the hemisphere Inspection of the brain after death showed that the 
cortical lesion extended as far forwards along the dorsal border of the 
hemisphere as a pomt 3 5 mm behind the crucial sulcus, and down along 
the caudal border of the hemisphere as far as the level of the upper end of 
the pseudosylvian sulcus The lesion was slightly more extensive on the left 
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side (fig 2) On the medial surface of the hemisphere it reached down to the 
splemum of the corpus callosum, extending over and involving the mter- 
calary sulcus On both sides the ventricular cavity was opened, exposmg 
the alveus 



Fio 2 Dorsal viow of brain of ferret 23, indicating the extent of 
the occipital cortex which had been removed x 1 6 

Serial transverse sections were made through the thalamus and stained 
with methylene blue m order to asiertam the degree of cell degeneration m 
the lateral geniculate body and hence to assess the damage to the visual 
cortex It IS known, on the basis of experimental work with other mammals, 
that the cells of the dorsal nucleus of the lateral gemculate body undergo 
complete degeneration after removal of the visual cortex of the same side 
The lateral gemculate bodies m this experiment show almost complete cell 
degeneration on both sides, but m the rostral part of their extent, especially 
on the right side, a number of normal cells remam intact It may be in¬ 
ferred, therefore, that the visual cortex was almost entirely ablated by the 
lesion, but that a minute, and perhaps insignificant, proportion of this 
cortical area still reraamed m connexion with the lateral geniculate body 
Senal sections were taken through the cerebral hemispheres in order to 
determme with certamty whether any of the visual cortex had been left 
intact, but the cytological features of the area stnata m the ferret were 
found to be insufficiently distmct to allow of its positive identification and 
demarcation 
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There is considerable cellular atrophy in the pars posterior of the lateral 
nucleus, which lies immediately adjacent to the dorso-medial border of the 
lateral gemculate body, and which is known to represent a jiart of the 
pulvmar of higher mammals 

This animal came mto heat after 62 days’ exposure to additional light 
Luteimzation resultefl from its matmg 

(e) Removal of vitiuil cortex and destrwtion of lupenor collicuh 
exposure to artificial illumination 

This operation was earned out on two animals, 14 and 15 

err ft 14 

A lesion was made involving the superior (olliculi after removal of the 
occipital lobes of the cerebral hemispheres Macroscopic mspection of the 
brain after death showed that the sujienor collicuh had been completely 
destroyed, and aerial sections confirmed that all traces of them had dis¬ 
appeared On the left side, the lesion had also involved the dorsal half of the 
lateral geniculate body and had destroyed the pretectal nucleus, the large- 
celled nucleus of the optic tiact and the greater part of the lateral nucleus 
of the thalamus Caudally it had extended mto the ventral nucleus of the 
thalamus, and the rostral end of the medial geniculate body On the right 
side, these elements of the thalamus and the pretectal region were left 
intact The anterior margins of both infenor collicuh were slightly injured, 
and there was also a very slight involvement of the sujienor vermis of the 
cerebellum The sections show a considerable dilatation of the cerebral 
aqueduct The posterior accessory optic tract could not be identified on 
either side in the senal sections Except for a few scattered cells at their 
rostral extremity, the lateral geniculate bodies had undergone complete 
cell degeneration 

Ferret 15 

A lesion was made involvmg the superior collicuh after removal of the 
occipital lobes of the cortex In this, as in ferret 14, the cortical lesion was 
almost identical in its extent with that of ferret 23 An exammation of 
senal sections, stamed by Loyez’s method and counter-stained with neutral 
red, shows that both sujienor collicuh are comjiletely detached Their 
remains have almost entirely disajipeared, except for small fragment*) of the 
right colhculus which, however, are wholly detached from the rest of the 
mid-bram (fig 3, Plate 21) The lesion, moreover, is practically confined to 
the supenor collicuh projier, without mvolvmg the immediately adjacent 
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structures such as the large-celled nucleus of the optic tract and the pre¬ 
tectal nucleus Optic tract fibres can be seen in the sections entenng these 
nuclei on both sides without uiterruption The rostral margin of the inferior 
colliculus on the left side has been slightly injured by the lesion, and the 
cerebral aqueduct shows a moderate degree of dilatation The lateral 
geniculate bodies are intact, but except for a few scattered cells at their 
rostral extremity they show complete cell degeneration as the result of the 
removal of the occipital lobes of the cerebral hemispheres The jwstenor 
accessory optic tracts appear cjuite normal, the posterior commissure is 
almost entirely unaffected, and the oculomotor nucleus is likew ise intact 
These two animals came into heat after 96 and 84 days of additional 
illumination respectively, and the ovaries of both luteinized os a result of 
mating 

(/) Bilateral section of optic tracts exposure to artificial illumination 
The operation was accomplished in two animals only, 60 and .19 

Feriet 60 

After complete recovery from the operation, the animal appeared to be 
totally blind, showing no response at all to light or to moving objects 
Autopsy 2 May 1938 Macroscopically the optic tracts appeared to be 
completely interrupted at the level of the ventral border of the lateral 
geniculate body The thalamus and mid brain were serially sectioned, 
alternate slides being stained by Loyoz’s haematoxylm with neutral red 
counter-staining, and with Bodian’s silver method Exarnmation of the 
serial sections showed the followmg details 
Left side The lesion is a complete section of the optic tract immediately 
dorsal to the cerebral peduncle, and extendmg for a depth ol about 2 6 mm 
into the subthalamus (a, fig 4, Plate 21) Not only does it interrupt the 
fibres of the optic tract passing to the dorsal nucleus of the lateral gemculato 
body and the mid-bram, but it also destroys most, if not all, of the ventral 
nucleus of the lateral geniculate body Anteriorly the lesion extends into 
the internal capsule and postenorly it involves the lateral part of the cerebral 
peduncle 

Right side On this side, the lesion is situated at a somewhat higher level 
Anteriorly it mvolves the lateral nucleus of the thalamus and the internal 
capsule, and at its posterior extremity it extends mto the medial geiuculate 
body Throughout the greater part of its extent, it mterrupts the dorso¬ 
lateral part of the optic tract, and has also led to a destruction of the dorsal 
nucleus of the lateral geniculate body (6, fig 4, Plate 21) Careful examma- 
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tion of the senal sections makes it evident that the whole length of the 
dorsal nucleus has been involved by the lesion A snjall stnp of its ventral 
margm persists, and in odd sections an isolated cell may occasionally be 
seen m this region 

In summary, it appears that the lesions in this animal have interrupted 
all visual impulses passmg to the dorsal nucleus of the lateral geniculate 
body, the visual cortex and the mid brain, with the possible exception that 
the occasional cells seen in the lateral geniculate body of the right side 
might have been able to transmit visual impulses to the stnate cortex 
(see below) 

Ferret 39 

After complete recovery from the operation, the animal was apparently 
totally blind 

Autopsy 10 January 1938 Macroscopic ally, the left optic tract was seen 
to be completely severed at the ventral margm of the lateral geniculate 
body, while on the right side the lesion had mvolved the tract at a more 
dorsal level The thalamus and mid-bram were serially sectioned and stained 
with Bodian’s silver techmque An examination of the sections confiimed 
the conclusion drawn from the macroscopic ap})earance 

Left aide The lesion cuts completely through the optic tract at the upper 
border of the cerebral jieduncle, {lenetrating mto the thalamus for about 
2 mm At its anterior extremity it involves the mtemal capsule to a slight 
extent While the dorsal nucleus of the lateral geniculate body is completely 
cut off from the optic tract a portion of the ventral nucleus remains intact 
and some undegenerated fibres of the optic trait can be seen apparently 
terminatmg in it 

Right aide Here the lesion is placed too dorsally It mvolves the lateral 
nucleus of the thalamus at its anterior extremity, and throughout the 
greater part of its extent it cuts through the whole thickness of the optic 
tract at the level of the upper border of the dorsal nucleus of the lateral 
geniculate body, severing all the mid brain connexions of the tract The 
lesion has led to a secondary degeneration of many of the cells in the antenor 
part of the dorsal nucleus of the lateral geniculate body, but a considerable 
portion of this element appears to be intact 

In summary, all visual impulses to the mid-brain on both sides have been 
interrupted by the lesions, as well as all those passing to the dorsal nucleus 
of the lateral geniculate body and the visual cortex on the left side On the 
right side a pathway still exists through which some visual impulses might 
be transmitted through the lateral geniculate body to the cortex 



468 W E Le Gros Clark, T McKeown and S Zuckerman 


These two animals came into full oestrus 62 and 76 days respectively 
after the begmnmg of their daily exposure to artificial illumination, and 
both were successfully mated The ovaries of one were serially sectioned 
and showed extensive lutemization 

{g) Partial dimaion of optic tracts exposure to artificial illumination 
An attempt to divide the optic tracts as m the two expenments just 
described (60, 39) was only partially successful in five other ammals The 
experiments are of interest, however, in so far as most visual impulses 
were mterrupted by the lesions 

Ferret 20 

The lesion was complete on the nght side, and was situated at the ventral 
margm of the lateral geniculate body On the left side the lesion was found 
to he immediately in front of the optic tract at the same level To some 
extent it undercuts the anterior margm of the tract, but the latter appears 
macroscopically to be quite normal Serial sections show that the nght 
optic tract 18 completely severed, while the left tract is only shghtly mjured 
at its rostral margin, so that a few of the fibres passing to the lateral geni¬ 
culate body are interrupted The lesion can be seen on the left side to 
undercut the optic tract, penetrating backwards into the ventral nucleus of 
the lateral geniculate body, most of which is destroyed, and also involvmg 
the lateral part of the cerebral peduncle The posterior accessory optic 
tracts of both sides are not recognizable in the sections 
In this exjieriment, therefore, visual impulses have been cut off on the 
right side from the whole of the lateral geniculate body, the visual cortex 
and the mid brain, while on the left side a small projection of the retmal 
fibres to the dorsal nucleus of the lateral geniculate botly and most of those 
which may termmate in the ventral nucleus have been mterrupted 
This animal came into full heat after 77 days’ exjiosure to artificial 
illumination Lutemization occurred after matmg 

Ferret 22 

A bilateral lesion of the optic tract was made Surface inspection of the 
brain after death showed that on the right side the tract had been com¬ 
pletely transected at the ventral border of the medial geniculate body On 
the left side the transection was incomplete, a small strand of fibres passmg 
to the supenor colhculus at the caudal border of the optic tract bemg left 
intact (hg 6, Plate 22) These observations were confirmed by a study of 
serial sections through the thalamus and mid-bram, stamed with Loyez’s 
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iron haematoxyhn and neutral red These sections show that the complete 
lesion on the right side extends mto the thalamus to a depth of 3 ram at 
its antenor end, involving here the ventral border of the ventral nucleus of 
the thalamus (fig 6, Plate 22) On the left side, the lesion penetrates about 
2 mm into the thalamus On this side the optic tract extends over 126 sec¬ 
tions In the most caudal 24 of these sections the continuity of the tract 
has not been broken, the lesion here undercutting the tract without sevenng 
it The sections show that the retinal connexions of the lateral geniculate 
body on the left side have probably been completely interrupted The few 
fibres that remain (compnsing about one fifth of the width of the whole 
optic tract) appear to termmate m the mid brain onlj 

In this experiment, therefore, visual impulses have been completely cut 
off from the lateral geniculate bodies and the visual cortex of both sides 
The mid-brain connexions have also been entirely interrupted except for a 
fine strand passing to the superior colliculus and pretectal region on the 
left side 

This animal was successfully mated, liiteimzation resulting, after 62 days’ 
exposure to artificial illumination 

Ferret 37 

Visual teats applied after the operation showed that the animal was 
apparently blind m the right eye, but retained some vision in the left eye 
Autopsy 24 January 1936 Maoroscopicall)- the left optic tract was seen 
to be completely severed '1 he nght tract was apparently intact so far as the 
fibres to the lateral geniculate body were coiu crmd, but the lesion evidently 
had interrupted most of the fibres passing to the mid-bram on this side 
This ammal was mated, and luteiiii/ation occurred m its ovaries as a 
result, 68 days after its first exposun* to artificial illumination 

Ferret 38 

The animal was apparently blind in the nght eye after the operation, but 
retained some vision in the left eye 

Autopsy 27 January 1938 Mairoscopically there was seen to be a com 
plete lesion of the optic trai t on the left side On the nght side the lesion 
had cut through the caudal half only of the optic tract Probably all the 
fibres gomg to the lateral geniculate body on this side are intac t though 
most of the fibres passing to the mid-brain must have been interrupted 
This animal came into full heat after 68 days of artificial illumination 
Lutemization of the ovanes occurred after mating 
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Ferret 49 

Visual tests showed post-ojierative retention of some vision m bbth eyes 
Autopsy 5 January 1938 Macroscopic ally the lesion was found to be 
mcomplete on both sides 

This animal was successfully mated after 67 days’ exposure to artificial 
illummation Luteinization occurred 


Disc ussion 

Earlier observations on the influence of reduced illumination on gonadal 
function in ferrets provided somewhat ambiguous results Thus Hill and 
Parkes (1934) found that four of five female ferrets kept m total darkness 
for 2 ^ hr each day fiom the end of January onwards came into heat at the 
usual time, whereas Marshall and Bowden (1934) observed that only four of 
seven ferrets “subjected to incomplete darkness from 21 Apnl to 23 July” 
came into full heat at the projier time These tour animals were beginning 
to show signs of vulval swelling when they were put into the dark, while the 
three which did not respond were anoestrous at the beginning of the experi¬ 
mental period Bissonnotte (19350,6), in considering these findings, presents 
further data of a like kind, and concludes that the facts m general indicate 
that a reduction in either the intensity or duration of lighting will retard 
the onset of oestrous activity in anoestrous ferrets, or lead to sexual regres¬ 
sion in ferrets that are already oestrous Observations on the reactions of 
ferrets bhnded from ‘natural” causes, and of ferrets whose optic nerves 
have been divided, clearly support the first of those two conclusions Thus 
Marshall and Bowden {1934, 1936) report that a ferret blinded by cataract 
failed to come on heat at any time between 23 December 1932 and 10 July 
1936 , m spite of succ'essive periods of artificial illummation A similar 
observation is reported by Bissonnette (1935a, 6,1936), who also found that 
ferrets whose optic nerves are divided are very slow in responding to light 
treatment Our own observations are not only in keeping with this finding, 
but they also suggest that the gonads of ferrets blinded by division of the 
optic nerves may never become activated as a result of either natural or 
artificial changes in lighting 

These observations suggest clearly that the primary receptor for the 
gonadal response is the retina Before, however, considermg the possible 
pathways by which the visual impulses reach the antenor lobe of the 
pituitary gland, it is necessary to enquire whether the absence of gonadal 
stimulation, after division of the optic nerves is merely a secondary effect 
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either of general nutritional insufhciency or of a diminution m general 
motor activity and not a primary result of the loss of specific visual impulses 
Neither of these possibilities, however seems likely In the first place, no 
differences were noted in the degree of activity displayed by the various 
ferrets used in our experiments Like normal ferrets, they s^ient most of the 
day curled up m sleep In the second place, all the animals ate the same 
quantity of food, and none showed any nutritional disturbance The 



Fig 7 Diagram represwitiiig a schematic transvci-se se< tion through the mid brain 
and thalamus, showing the possible hirminal stations of hbroa of the optic tract 
a = lateral geniculate Isidy (dorsal nucleus), 6 = lateral geniculate body (ventral 
nucleus), c — superior colliculus d = [iri'U'Ctal area e = anterior accessory optic tract, 
/= posterior accessory optic tract </= subthalamus 


possibility that blind ferrets would be unable to find their food is in any 
case slender, smee these animals presumably depend more on olfactory than 
on visual receptors m their feeding activities Finally, if it be argued that 
the failure of the gonads to become active after illumination is a secondary 
effect of changes m general activity and nutrition, it becomes necessary to 
explam why animals which are cortically blind should behave differently m 
this respect from ferrets which are blind because of division of their optic 
nerves There is no reason to suppose that either the capacity to find food, 
or the impulse to move about, is different in these two classes of ammal 
Consequently it is reasonable to seek an explanation for their different 
gonadal reactions to light stimulation m the different qualities of their 
bhndness, and to take as a basis for such explanation the view that the 
pnmary process m the chain of events which leads to gonadal activity is 



462 W E Le Gros Clark, T McKeown and S Zuckerman 

retinal stimulation, and that the intermediate step is activation of the 
antenor lobe of the pituitary 

In considering the afferent paths through whieb visual stunuh may lead 
to activation of the pituitary, all the terminal stations of the optic tract 
fibres need to be exammed 

It IS well known that m mammals most of the fibres of the optic tract 
end in the dorsal nucleus of the lateral geniculate body (which forms the 
mam part of the lateral geniculate body in higher mammals) and in the 
mid-bram In regard to the latter, the optic fibres end mainly in the stratum 
opticum of the 8 U]jerior colhculus An appreciable numljcr, however, ter¬ 
minate m the pri'teital area which lies subjacent to the margin of the 
sujierior colliculus It has been shown recently (Magoun and Ranson 1935 ) 
that this pretectal connexion provides the pathway for the pupillo- 
oonstrictor response Other possible terminations of optic tract fibres 
which require consideration are the ventral nucleus of the lateral geniculate 
body and the a( cessory optu tracts 

The ventral nucleus of the lateral geniculate body is to be regarded 
morphologically as a lateral extension of the subthalamic region of the 
diencephalon Although it has been accepted for many years (since Cajal’s 
original observations, 1911 ) that retinal fibres or their collaterals end in 
relation to the cells of the ventral nucleus this has recently lieen called into 
question (Barns, Ingram and Ranson 1935 ) Nevertheless the ventral 
nucleus must be taken into consideiation here and it may bo noted that the 
nucleus gives off a tract of fibres (fasciculus gemculatus descendens) which 
runs ventro-medially through the region of the subthalamus towards the 
hypothalamus 

Two accessory optic tracts have been desenbed in both normal and 
experimental material The anterior accessory tract leaves the main tract 
immediately behmd the chiasraa and is believed to termmate m the medial 
part of the subthalamus Some of its fibres have also been desenbed as 
piercing the cerebral peduncle to reach the subthalamic nucleus of Luys 
The postenor accessory optic tract is better defined It leaves the main tract 
near the ventral margin of the lateral geniculate body and runs obhquely 
across the cerebral peduncle (where it is often known as the tractus pedun- 
culans transversus) to the mterpeduncular space It terminates in a mass of 
nerve cells close to the medial margin of the substantia mgra (nucleus opticus 
tegmenti) and probably in the subthalamic region immediately adjacent 

According to some statements, the postenor accessory optic tract is only 
present in rodents and certain lower mammals It is quite distmct, how¬ 
ever, m the ferret’s bram 
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We have now to consider what elements of the lower visual centres have 
been mvolved in the expenments recorded m this paper 

Superior colliculi and pretectal areas 

The retinal connexions of the sujierior colliculi have been completely 
interrupted m experiments F 14, 16, 39 and 60, in the first two cases, 
the colliculi were completely isolated from the rest of the mid-brain In 
F 39 and 60, the retmal connexions of the pretectal area were also severed 
It appears, therefore, that these visual centres are not essential for the 
response which the animals showed to retinal stimulation 

Lateral geniculate body (dorial nucleus) and usual cortex 

It 18 well estabUahed that in mammals the cells of the dorsal nucleus of 
the lateral geniculate hotly undergo atrophy after excision of the visual 
cortex On these grounds it has been suggested that they are entirely 
concerned with the projection of retinal impulses on to tho cortex and have 
no other connexions The possibility remains however, that the cells of the 
geniculate body may be funttionally connected to adjacent thalamic 
elements by short collaterals Therefore, while mterruption of retinal fibres 
to the geniculate body inevitably cuts off all visual impulses to the cortex, 
destruction of the visual cortex does not necessarily prevent the geniculate 
body (at least before its atrophy is comjilete) from playing some part in 
mediating yisual responses 

In expenment F 23 the occipital lobes were remoyed Serial sections 
showed that the lateral geniculate bodies had undergone almost total cell 
degeneration Some normal cells, however, remained at the anterior 
extremity of the nucleus, and it is to be inferred, therefore, that a very small 
portion of the visual cortex had been left intact Although the ammal from 
its general behaviour appeared to be quite blind as a result of this operation, 
it 18 necessary to recognize that a mmute proportion of the geniculo-stnate 
system had been left uninterrupted, for Lashley ( 1935 ) has shown that, in 
regard to bnghtness discnmination tests in rats, the effect of a lesion in the 
stnate cortex has an all-or-nothmg character, and that any part of the 
geniculo-stnate system can be excited by impulses from the retma even 
though it 18 represented by only a few scattered normal cells m the lateral 
geniculate body 

In expenments F 14 and 16, the occipital lobes of the cerebral hemi¬ 
spheres were also destroyed, but in both these cases a few apparently normal 
cells were found to be present at the extreme antenor end of the dorsal 
nucleus of the lateral geniculate body 



464 W El Le Groa Ckrk, T MoKeown «id 8 ZuokermWi 

In experiment F 22 the optic tracts were out at the leret of the ventoal 
border of the lateral geniculate body On one side the lesion was not quite 
complete but senal sections mdicate that the only fibres left intact are 
those passmg behmd the lateral gemoulate body to the mid bram It thus 
appears that m this animal all visual impulses had been out off from the 
dorsal nucleus of the lateral geniculate body and the visual cortex of both 
sides Except therefore for a few fibres passmg to the mid bram on one 
side the only retmal fibres left intact are those which possibly terminate m 
the ventral nucleus of the lateral geniculate body and those which run m 
the accessory optic tracts 

In experiment F 60 similar lesions m the optic tracts were complete 
with the one exception that a fragment of the ventral margin of the dorsal 
nucleus of the lateral geniculate body was left m relation to the optic tract 
on one side Inspection of senal sections shows that this fragment had 
undergone degeneration and was probably func tionally insignificant but it 
18 again necessary to note that the persistence of an occasional cell here 
does not entirely eliminate the possibility that a few isolated fibres of the 
genioulo stnate system may have remamed in action 

These expenments thus show that the normal pituitary response to 
visual stimulation occurs m the absence of the supenor collicuh or when 
all retmal impulses to any part of the mid bram have been interrupted 
Ibey also show that it occurs when retinal impulses to the dorsal nucleus 
of the lateral gemculate body and the visual cortex have been completely 
interrupted while unless a few isolated normal cells m the dorsal nucleus 
of the lateral gemculate body provide the basis for adequate cortical stimu 
lation they also suggest that a normal response can occur m the combmed 
absence of the visual cortex and the superior colhcuh Furthermore 
experiment F 60 strongly suggests that it can occur even after the mter 
ruption of retmal impulses passmg to the dorsal nucleus of the lateral 
gemculate body visual cortex superior colhcuh and pretectal area If this 
be so it follows that the normal response of the pituitary to retinal stimu 
lation depends on impulses passing either to the ventral nucleus of the 
lateral gemculate body (which as noted above is considered to be a lateral 
extension of the subthalamus) or to the subthalamus by way of the 
accessory optic tracts 

The further course by which such unpulses might reach the pituitary 
gland are still uncertam A somewhat diffuse tract of fibres (fasciculus 
tuberis descendens) has been described by Nicolesoo and Nicolesoo ( 1929 ) 
running from the subthalamus into the tuber cinereum and WooUard 
( 1932 ) has also demonstrated m Marobi preparations that the subthalamus 
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is m fibre connexion with the hypothalamus Lastly fibre connexions have 
been desonbed extending mto the stalk of the pituitary gland from cell 
masses in the tuber cmereum These form part of the fasciculus whose mam 
ongm 18 the supra optic and paraventncular nuclei and which apparently 
temunates m the posterior lobe of the pituitary It thus appears that fibre 
paths are in existence through which retmal impulses can be relayed from 
the subthalamuB to the postenor lobe of the pituitary gland 

Whether the impulses passing by such a route can be relayed directly to 
the antenor lobe of the pituitary is highly doubtful The nervous con 
nexions between the hypothalamus and pituitary (from the n supraopticus 
and n paraventncularis especially) are not generally assumed to extend 
from the pars posterior to the pars anterior although Pines (1925) states 
that they do In the rabbit according to Croll (1928) they do not extend 
beyond the pars mtermedia Collin (1937) in reviewmg the problem in 
general holds that some hypothalamic fibres do reach the secretory cells m 
the anterior lobe— mais semble t il en faible proportion In a recent 
paper Hair (1938) notes that a few fibres of the supraoptico hypophyseal 
tract reach the pars tuberalis and that occasionally fibres of similar ongm 
can be traced to the antenor lobe In animals m which the pars antenor is 
completely separated from the pars {lostenor (e g cetaceans) there is of 
course no possibility of any direct passage of fibres down the mfundibulum 
into the pars antenor In the cm umstanc^ there seem to be but slender 
anatomical grounds for supposing that the visual impulses concerned m 
gonadal activation are relayed to antenor lobe secretory cells along hypo 
thalamic hypophyseal fibres It is just as likely that the retmal impulses 
affect the antenor lobe by way of vaso motor changes mediated by the 
hypothalamus or that m some way the impulses become transferred to the 
sympathetic nervous system by which the anterior lobe is nchly supphed 
or that the neural impulses are transformed in the hypothalamus or pos 
tenor lobe to chemical stimuli which affect the secretory cells by way of the 
blood 

A similar difficulty is encountered m explaining the occurrence of ovula 
tion m rabbits after mating The initial stimulus is a nervous one It is 
transmitted to the antenor lobe of the pituitary where it is transformed 
mto the chemical one which affects the ovanes Marshall and Vemey (1936) 
found that the pitmtary can be affected so that ovulation results by 
electncal stimulation through the bram and spmal cord Hams (1937) 
baa shown that rabbits ovulate after direct stimulation of either the pituitary 
itself or the hypothalamus Hatenus and Derbyshire (1938) also find that 
rabbits ovulate after direct stimulation of the hypothalamus Westman 
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and Jacobsohn (1937), who have investigated these responses, noted that 
ovulation does not occur after stimulation of the brain if the stalk of the 
pituitary is first cauterized They also found that ovulation does not occur 
after copulation (which is the normal stimulus to ovulation in the rabbit), 
if the infundibulum is cauterized immediately after the mating These results 
suggest, as Westman and Jacobsohn point out, the direct transmission 
of nervous impulses along the hypothalaraico-hypophyseal nervous con¬ 
nexions—m spite of the fact that in the rabbit these nerves have not as yet 
been traced into the pars anterior 

In ducks the anterior lobe of the pituitary can be stimulated to produce 
its gonadotropic hormone by directing artificial light on to the gland, by 
way of a thm glass tube, after removal of the eyeballs (Benoit 1938) 
Whether or not this method of experunental stimulation has any connexion 
with the natural one is, however, doubtful Benoit has found that while 
ducks with hooded heads do not show a gonadal response to artificial 
illumination, ducks whoso optic nerves have been divided or whose eye¬ 
balls have been removed do His conclusion, which is critically reviewed by 
Rowan (1938), is that the light acts through the ocular region and that the 
primary receptor is to be found m the region of the eyes The difiiculty of 
defining the visual pathways by which the anterior lobe of the pituitary is 
stimulated would thus appear to be even greater in the duck than it is in 
the ferret 

The question arises whether the neural mechanism involved m the 
activation of the gonadotropic function of the pituitary by retinal stimu¬ 
lation 18 identical with that which forms the basis of brightness discnmma- 
tion It has now been weU established that in lower mammals brightness 
ihscnmmation is not dependent on the visual cortex This has been shown 
to be the case m the dog (Hilgai-d and Marquis 1935) and in the cat (Smith 
1937) In the rat, Lashley (1935) suggests that there may be an equivalente 
of function for bnghtness vision between the striate cortex and the superior 
colliculi—either system may be destroyed without abolishmg the capacity 
to react to bnghtness On the other hand, the expenments of Papez and 
Freeman (1930) showed that lesions localized to the superior colliculi and 
adjacent region of the brain-stem led to a retardation in relearning a fight 
discnmination maze, and that the degree of retardation corresponded 
roughly with the seventy of the lesion It may be noted that among his 
conclusions Lashley (1935) states that the accessory optic tracts and nuclei 
are not adequate for the formation of visual habits In general it would 
seem, therefore, that the visual mechanism for pituitary stimulation is not 
the same as that concerned in bnghtness discnmmation 
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We have not attempted in our experiments to differentiate between the 
vanouB cerebral lesions on the basis of the time-lag m the development of 
full oestrus With the exception of the two experiments m which both the 
visual cortex and the superior colliculi were removed, and m which the 
jienod of activation was slightly longer, full heat occurred m all the experi¬ 
ments after periods of illumination which do not differ materially from the 
normal The animals differed somewhat between themselves, however, in 
their ovanan responses to mating, although it was not possible to relate 
these differences to differences in their cerebral lesions Ovulation, as 
determined by rupture points and folding of the luteinizing granulosa, did 
not always occur, while lutemiration of unruptured follicles was not infre¬ 
quent Bissonnetto and Bailey (1936) have also commented on the frequency 
of luteimzation in unruptured follicles of ferrets which have been stimu¬ 
lated mto oestrus by artificial illumination They attribute the phenomenon 
to the liberation by the anterior lobe of the pituitary of excess luteniumg 
hormone as a result of repeated coitus Hammond and Walton (1934) state 
that even normal ferrets in the breeding season may fail to ovulate after 
mating 

Summary 

At the beginning of the non-breedmg season lesions were made at vanous 
levels m the visual pathways of the brains of female ferrets The animals 
were then exposed, at the end of each day to bright artificial illumination 
for 6 hr 30 mm in order to discover whether or not they would come mto 
heat during the anoestrum Noimal control animals, and ferrets whose 
optic nerves hod been divided were exfiosed to the same conditions, while 
normal control animals were also kept under ordmary laboratory conditions 

The ferrets whose optic nerves had been divided either did not come mto 
heat at all, or came into heat much later than the control animals All the 
other ammals came mto oestrus either within or soon after the control 
period set by the normal ammals exposed to additional light The experi¬ 
ments showed that the normal response to visual stimulation occurs m the 
absence of the supenor colliculi, w hen all retinal impulses to any part of the 
mid-brain have been mterrupted, and when retinal impulses to the dorsal 
nucleus of the lateral geniculate body and the visual cortex have been 
completely mterrupted Unless a few isolated normal cells m the dorsal 
nucleus of the lateral geniculate body provide the basis for adequate 
cortical stimulation, it was also found that a normal response can occur in 
the combined absence of the visual cortex and the supenor colliculi, while 
another experiment strongly suggested that it can occur even after the 
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interruption of retinal impulses passing to the dorsal nucleus of the lateral 
gemculate body, visual cortex, superior colliculi and pretectal area This 
being so, the conclusion is suggested that the visual response depends on 
impulses passmg either to the ventral nucleus of the lateral geniculate body, 
or to the subthalamus by way of the accessory optic tracts 

These results are discussed m relation to views on the exteroceptive 
stimulation of the pituitary in general and to the question of pitmtary 
innervation m particular 
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The mammary gland of the rhesus monkey under 
normal and experimental conditions 

By S J Folley, A N Guthkelcii and S Zitckerman 
From the Department of Human Anatomy, Oxford, and the National 
Institute for Research in Dairying, University of Reading 

{Communicated by W E Le Gros Clark, F R S —Received 13 July 1938 ) 
[Plates 23-27] 

The available information on the development of the mammary gland 
m monkeys and apes is limited, and can be classified as (a) that which 
concerns the growth of the gland in the normal animal, and (6) that which 
deals with its reactions to experimental endocnne stimulation 


(a) Normal growth oe the mammary gland 

Turner and Allen (1933) report that mammary glands taken from 
mature virgm rhesus monkeys may occasionally possess an extensive 
lobule-alveolar system Some preparations from prepubertal females showed 
rich duct systems The mammary gland of the male rhesus was found by 
these workers to be restricted to a few ducts which rarely extend beyond 
the base of the nipple The mammary gland in the vu-gin rhesus has also 
been studied by Aberle (1934) who found that until a body weight of 
2 5 kg 18 reached the mammary gland m the female is about the same size 
as m the male As the body weight rises from 2 6 to 6 kg, the gland 
rapidly mcreases m size, the most rapid growth occumng at puberty 
Aberle reports that although they were small m area, some preparations 
taken from prepubertal females were as densely glandular as glands taken 
from mature females She does not, however, state that these prepubertal 
glands showed true alveolar development It is of interest that while 
experimental investigation m many mammals has shown that progesterone 
m addition to oestrogenic hormone is usually necessary for the development 
of the mammary alveoh, it has been stated that the mammary alveoli 
m the monkey may grow under the influence of oestrogenic stimulation 
[ 469 ] 
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alone (see Nelson 1936 and also below) If oestrogenic stimulation has 
this effect m the monkey, Aberle’s observations on prepubertal animals 
could be explained as being due to the abnormal production of oestrogen 
in the body before puberty 

Zuckerman and Parkes (1932) studied the mammary glands of a senes 
of female baboons {Papto hamadryas and P porcanus) The occurrence 
of cychc changes, correlated with the menstrual cycle, could not be estab¬ 
lished They have been descnbed as occumng in the mammary gland in 
other species dunng the oestrous cycle (eg mouse, Cogswell 1929, Cole 
1933, heifer, Hammond 1927) This study of the baboon also provided 
no evidence that the alveolar tissue of the mammary gland in these 
animals develops cumulatively as a result of a succession of infertile cycles 
It appears to do so m the rhesus monkey (Turner and Allen 1933), m the 
rat (Turner and Schultze 1931), and probably in the virgin heifer (Hammond 
1927) 

Baboons continue lactating after the “lactation interval” (lactation 
anoestrus) which follows parturition (Zuckerman 1931, Zuckerman and 
Parkes 1932) 

(6) Experimental development of the mammary gland 

The growth of the mammary gland of the monkey was first successfully 
demonstrated expenmentally by Allen (1927) who observed that injections 
of oestrogenic hormone cause extensive duct development m ovanectomized 
female rhesus monkeys Later Turner and Allen (1933) reported that a shght 
degree of alveolar proliferation occurs if spayed female rhesus monkeys 
are given corpus luteum extract after a senes of oestrone mjections On 
the other hand alveolar growth is stated to have occurred in one normal 
male rhesus which was injected with relatively large doses of oestrogemc 
hormone alone—a finding which is also reported by Nelson (1936) Further 
observations on the effect of oestrin are recorded by Allen, Gardner and 
Diddle (1935) in an investigation in which female rhesus monkeys were 
used, and more recently by Gardner and van Wagenen (1938) who have 
reported on the responses of the mammary gland of both male and female 
rhesus monkeys to oestrogemc stimulation Alveolar development as a 
result of oestrogemc stimulation, without additional luteal stimulation, 
has also been reported in guinea-pigs (Hatenus 1928) and m rats (Nelson 

1935) 

The aim of the present paper is to amplify the small amount of mforma- 
tion that 18 available about the pnmate mammary gland The matenal 
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studied was taken from both normal monkeys and monkeys which had been 
placed under vanous experimental regimes in connexion with other 
investigations 


Material and methods 

The expenraontal male and female rhesus monkeys {Macaca mulatta) 
which were studied had been subjected to courses of injections with either 
“male” or “female” sex hormones or with vanous combmations of these 
hormones The preparations taken from “normal” mature females were 
in practically all cases obtained from cyclic females which had been 
subjected to operations in a study of the influence of neural lesions on the 
menstrual rhythm (Zuckerman 1938) Although the cycle durmg which 
the operation was performed was often somewhat shortened, the operations 
did not interrupt the regular succession of menstrual cycles in any of these 
animals 

All the animals from which material for the present study was obtained 
were bought from dealers In no case, therefore, was the age known with 
certainty, nor was there any sure way of telling whether or not any female 
monkey was parous Estimates of age from body-weight-dentition relation¬ 
ships were made by use of data provided by Schultz (1933, 1935) Panty 
was judged by examination of the uterine vessels After the ngid exclusion 
of many specimens, we were able to obtain a representative senes of pre¬ 
parations taken from virgin females in different stages of adolescence and 
matunty For comparison with this senes there was one specimen which 
was known with certainty to have been parous 


Macroscopic examination 

The mammary glands were dissected at autopsy from the pectoral 
muscles, pinned out on a cork board and fixed for 24 hr by the application 
of pads of cotton wool soaked in alcoholic Bourn’s fluid The preparations 
were then washed in 70% alcohol, overstained in Grenacher’s borax- 
carmme, differentiated in 70% alcohol contaming 6% HCl, taken up to 
absolute alcohol, and cleared and preserved in xylol No attempt was made 
to measure the shrinkage undergone durmg the process of preparation, 
but for practical purposes it may be assumed to have been approximately 
constant since all glands were treated alike According to Aberle (1934) 
the shrinkage which occurs during this method of preparation is small, 
and amounts on an average to 7 % 
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Mxcroscoptc examtnatwn 

Pipces of all mammary glands used in this mvestigation were sectioned, 
stamed with haematoxyhn and eosm, and studied histologically Sections 
were usually taken from both the penpheral and central zones of each 
gland 

Measurement of mean mammary gland area 

The mammary gland of the rhesus monkey is a flat or relatively flat sheet 
of tissue m all reproductive phases Measurements of the mean area of 
the paired glands accordingly provide one cntenon of mammary develop¬ 
ment In view of the fact that Zuckerman (1932) observed no correlation 
between size and functional activity m glands taken from the green monkey 
{Cercopithecus sabaeua), caution is needed in intwpretmg data on mammary 
gland area, and it is necessary that such data should m all cases be 
supplemented by macroscopic and histological examination of the gland 
structiure 

The glandular area was measured by placing the flat stained preparation 
on the frosted glass lid of a box containing a powerful electric lamp A 
sheet of paper soaked in xylol was laid on the preparation and the purple- 
stamed outbne of the mammary gland was traced with jiencil The areas 
were measured either with a planimeter or on squared paper The expression 
“mean mammary gland area” is used below to denote the mean area of 
the two glands of a pair 

The mammary gland m the male monkey usually consists of a few short 
and uncomplicated ducts branchmg from the base of the nipple, and the 
mammary gland area ui any given mstance was taken as the area enclosed 
by a line joimng the extremities of the ducts It is evident therefore that 
changes m mean mammary gland size m the male provide a less satisfactory 
criterion of gross changes in mammary development than they do in the 
female monkey 

Preparation of figures 

For photography, preparations wore clipped between glass plates and 
immersed in a jar of xylol The magnification of each picture could be 
readily calculated by measurement of the image of a centimetre scale which 
was etched on one of the glass plates Silhouettes of portions of the 
glandular structures were traced on to thin Bristol board from suitably 
enlarged photographic pnnts 
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Results 

Orowth of the mammary gland in comparison with general body growth 

With the exception of the data presented by Aberle (1934), we are unaware 
of any study which deals with the growth rate of the mammary gland 
relative to that of the body It is therefore of interest to present an analysis 
of our own data from this point of view The relative rate of growth of 
the mammary gland m relation to general body growth was obtained by 
comparmg mammary gland area {A ) with a function which is proportional 
to the surface area ( 8 ) of the body The latter function was calculated from 
the body weight by the use of the formula provided by Meeh (1879), 
/S = iflV* If* 18 accordingly a function which is proportional to the 
surface area 

Twenty-six preparations taken from non-pregnant normal rhesus mon¬ 
keys whose body weights ranged from 2200 to 7100 g were available for 
this study It was not known with certainty whether or not the 
adolescent and mature animals in this group had borne young prior to 
purchase 

Dunng a considerable part of the time durmg which the body weight 
of the rhesus monkey is increasing from 2000 to 6000 g , the mammary 
gland grows faster than the rest of the body (1 e allometrically, Huxley 
and Teissier 1936) The simple allometnc growth law (see Huxley 1932) 
18 usually expressed as 1/ = hx*, where y = the quantity undergomg allo¬ 
metnc growth, X = the reference quantity, and h and a are constants the 
more biologically sigmficant of which, termed the ‘ equilibrium constant”, 
18 a Data relating to growth rates conform to this law if a straight hne 
18 obtained by plottmg log y agamst log x The slope of such a straight 
hne IS equal to a Logio mean mammary gland area is plotted against 
logio (body weight)* m fig 1 

Fig 1 shows that seventeen points (marked as black dots) lie very near 
to a straight hne The best fit straight hne for these pomts was obtained 
by the least square method and is shown m fag 1 The equation of this 
hne is logio d = 2 68 logio( If )♦ - 4 86 Of the remaining pomts, two shown 
m fig 1 by dots surrounded by circles he very close to the hne, while seven, 
shown in the diagram as black squares, deviate from it significantly 

It follows from fig 1 that over the body-weight range 3400 to 6060 g 
the rate of increase m the area of the mammary gland agrees satisfactorily 
with the simple allometnc law d = 0 0000138 (If»)*•», or more simply, 
d « 0 0000138 If^^*, the equilibnum constant having the value 2 68 It 
IS regrettable that the data for body weight values below 3000 and above 
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6000 g are so scanty, for the few points appearing in the left hand of fig 1 
indicate that the equilibnum constant for low body weights would be 
considerably higher than 2 68 



Fio 1 Relation between mean mammary glanil area and (body weight)* m the 
female rheeus monke} Logarithmic plot ting 


Age changes in the structure of the mammary 
gland of the mrgvn rhesus monkey 

Glands from seven virgm monkeys were available for this study The 
mammary glands of an eighth which had been autopsied some 2 months 
after she had weaned a baby were added to this senes in order to compare 
the mammary gland dunng post-lactation mvolution with the virgin gland 
Particulars relating to the eight rhesus monkeys compnsmg this senes 
are given below The ovanes, which were sectioned senally, and the 
mammary glands were examined histologically 

OM 252 Immature female Maximum body weight 1 4 kg The reproductive 
organs and sexual skin of this animal were completely inactive No permanent teeth 
had erupted and her age is estimated to have been approximately 18 months at death 
The dimensions of the mounted and serially sectioned right and left ovanes are 
75x60x32 and 70x40x34 mm respectively Neither ovary oonteuns emy 
follicle with dimensions greater than 1 6 mm , nor is there any trace of luteal tissue 
The mean mammary gland area is 2 20 cm * 
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OM 88 Immature female Maximum body weight 2 2 kg At autopsy the 
permanent incisors were m process of eruption The reproductive organs were 
immature and there was no evidence that this animal had ever menstruated Age 
at death is estimated as approximately 36 months 

The dimoq^OpB of the mounted anil serially sectioned right and left ovanes are 
80x60x36 and 80x46x36 mm respectively Both ovanes oontam numerous 
small atretic folhcles and of the small healthy foUicles that are present none has 
a diameter greater than 1 6 mm Neither ovary shows either recent or old luteal tissue 
The mean mammary gland area is 3 84 cm * 

OM 261 Immature female Maxunum body weight 3 08 kg This animal’s central 
moisors were erupting at the time of her death and her ago is estimated to have been 
about 38 ttiontha The animal was killed 39 days after the first pubertal changes had 
become apparent m her sexual skin and 13 days after the first signs of regression of 
the “blister” swelling of tlio scrotal lobes of the skin (Ziickerman, van Wagenen 
and Gardner 1938) 

The dimensions of the fixed and mounted right and left ovaries are 90x6 0x36 
and 76x46x36 mm reHjiet tivolj Neither ovary contains any luteal tissue, and 
each shows a wave of follicular growth Thus both contain several follicles with 
diameters varying between 1 and 3 mm , while the right ovary contains one folhcle 
with a maximum diameter of 4 inm Some of these growing follicles are already 
showing signs of atresia 

The uterus of this animal is in the phase of “interval” proliferation 
The mean mammary gland area is 16 8 cm * 

OM 226 Immature female Maximum body weight 3 kg This ammal’s permanent 
incisors were eruptmg at the time of her death and her age is estimated to have been 
38 months She was autopsied 27 days after the first day of her first menstruation 
and 63 days after the first pubertal signs of sexual skin activity had appeared 
'The dimensions of the mounted right and left ovaries are 7 1x60x34 and 
76x66x46 mm rospectively Both ovanes contain up to ten resting follicles 
with maximum diameters \arying between 1 and 2 mm Neither ovary shows 
recent or old luteal tissue 

The uterme glands are of the “mtorval” tyjx>, and the uterus is smaller and shows 
fewer signs of proliferation than does that of OM 261 
The mean mammary gland area is 30 9 cm ' 

OM 27 Adolescent female Maxirniim body weight 3 6 kg At the time of death 
the central mcisors had erupted and the second molars were in process of eruption 
Microscopic exaniuiation makes it plain that the ammal was nulhparous although 
it had undergone several menstrual cycles Her approxmiato ago at death is estimated 
as 39 months 

The dimensions of the sectioned right and loft ovaries are 86x80x48 and 
10 0x68x62 mm respectively Both ovaries contam numerous small resting 
follicles with maximum diameters varying between 0 6 and 1 6 mm The right ovary 
also contains the remains of a very degenerated corjnaa luteum, while the loft shows 
three corpora of different ages, the most recent correspondmg m form to the corpora 
aberrantia recently desenbed by Comer (1936) 

The mean mammary gland area is 29 6 cm • 

Mm 143 Adolescent nulhparous female Maximum body weight 4 0 kg Her 
permanent teeth wore in a slightly more advanced stage of eruption than were those 
of OM 27 Her age was approxunatoly 60 months 

The dunensions of the right and left ovaries are 7 3x60x3 6 and 7 0x48x3 6mm 
respectively Neither ovary contains any trace of luteal tissue The left ovary m 
addition to several 1 mm follicles contains one with a maximum diameter of 3 mm 
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The uterus w m an active phase of “interval" proliferation 

The mean mammary gland area la 33 0 cm * 

Mm 116 Female not fully mature Maximum body weight 4 4 kg There was no 
evidence that this ammal was parous Judging from her dentition she was slightly 
older at death than Mm 143 

The dimensions of the right and left ovaries are 77x63x45 and 7 8x60x60 mm 
respectively Neither ovary contains any follicle larger than resting size The left 
ovary contains a corpus lutoum m an advanced state of degeneration, and what 
appears to bo an even more degenerated corpus is present in the opposite ovary 

The uterine glands are of the mtorval type 

The mean mammary gland area is 46 6 cm * 

Mm 66 Fully mature female Maximum body weight 6 7 kg Tins ammal was 
umlatorally ovariectomued 6 months before autopsy Twelve months before her 
death she had given birth to an mfant which she suckled for a ponotl of approximately 
10 months The lactation interval lasted only 3 months and she hail regular menstrual 
cycles during the last 6 months of the nursmg period The mean mammary gland 
area is 41 1 cm > 

The animals in this senes have been hsted m order of mcreasmg estimated 
age Although the cntena of dentition and weight suggest that OM 27 was 
younger than Mm 143, the condition of her ovanes suggests that she was m 
a more advanced stage of sexual maturity In spite of this discrepancy 
it will however bo seen that the increase in size of the mammary glands 
agrees fairly closely with the order of age in which the ammals have been 
arranged 

The senes can be divided into two groups The first oompnses those 
ammals (OM 262, OM 88, OM 261, OM 226, Mm 143) whose ovanes show 
no signs of either existing or previous luteimzation The second group is 
made up of those ammals (OM 27, Mm 116, Mm 66) whose mammary glands 
at some time had been stimulated by luteal hormone 

There is no essential difference in general structure between the pre¬ 
pubertal and pubertal glands in the first group of the senes All these 
specimens show primary, secondary and tertiary ducts The only differences 
that are displayed are m mammary gland size and m the number and 
complexity of the lateral and end duct-buds Histological sections of 
selected pieces of these glands do not show alveolar formation (fig 14, 
Plate 23) The thickening at the penphery of the gland m, for example, 
OM 226, fig 6, consists of rapidly proliferating duct buds (fig 18, Plate 23) 
Turner and Gomez (1932) have commented on a similar appearance of the 
penphery m the mammary gland of the pubertal female albino mouse 

It 18 of mterest that the mammary glands of OM 252 are more complex 
m tubular stnn ture than those of OM 88 m spite of the fact that its approxi¬ 
mate age was at least a year less This fact mdicates that considerable 
vanation may occur in the tune of onset of mammary growth and probably 
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also in mammary growth-rate The specimens under discussion also make 
it obvious that the onset of development of the mammary duct system may 
precede the appearance of external signs of puberty This fact is also well 
demonstrated by a preparation of the mammary glands of a chimpanzee 
(M 96) which we have studied The chimpanzee m question weighed 16 4 kg 




Fia 9 Silhouette of part of mammary gland of Mm 68 x 2 4 

at the time of its death, and during its long stay in the London Zoological 
Gardens it had never shown any external signs of puberty (sexual-skin 
changes) Its age at death is estimated to have been four years Its 
internal reproductive organs were infantile and inactive, but its mammary 
glands already showed considerable duct development 
The mammary glands of the three ammals whose ovanes gave evidence 
of lutemization (OM 27, Mm 116, Mm 66) all show alveolar development 
This fact 18 more clearly demonstrated histologically than it is by examma- 
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tion of the “whole-mounts ”—for glands which on macroscopic examination 
appear to be m the early stages of alveolar formation (e g OM 226, fig 6) 
may show no alveoh when studied microscopically 

On macroscopic exammation alveoli appear to be more abundant and 
the ducts more promment m the mammary glands of OM 27 (fig 7) than 
m those of Mm 116 (fig 8) On the other hand microscopic exammation 
shows that alveoh are much more abundant and more regularly disposed 
m lobules m Mm 116 (figs 16,17, Plate 23) The ducts in Mm 116 are, how¬ 
ever, m general much narrower than m OM 27, m which many appear to 
be distended with secretion, as do also a few alveoh 

Our observations agree with those of Turner and Allen (1933), m showing 
that the mammary glands of presumed non-parous female rhesus monkeys 
may possess abundant alveoh 

The lobules of alveoh in the mammary glands of Mm 66, the ammal 
which 18 known to have been parous, are so well developed as to obscure 
the course of any of the ducts On microscopic exammation the glands 
appear to be mvoiuted (fig 16, Plate 23) but some of the alveoh, as well as 
several ducts, contam droplets of secretion In spite of their involution, 
however, the glands are much better developed than any others in the senes 
Our observations thus suggest that while a succession of infertile cycles pro¬ 
gressively develops the mammary gland m the rhesus monkey, especially 
after luteinization has occurred, maximal development m non-pregnant 
or non-lactating animals will be observed only m mdividuals which have 
at some time borne young 

The male mammary gland 

Male mammals possess rudimentary mammary glands and nipples, which 
in some species (e g rats, McEuen, Selye and Collip 1936, human bemgs, 
Andrews and Kampmeier 1927) may undergo pubertal development Under 
expenmental conditions of endocnne stimulation the male gland behaves 
in the same way as does the female, and much of the expenmental work 
on mammary development has therefore been earned out on male ammals 
Table I gives data rolatmg to five normal control male rhesus monkeys 
The mammary gland m the immature male monkey (OM 39) consists 
of a relatively uncompheated duct system that radiates from the mpple 
(fig 10) Microscopic examination jaelds no evidence of active duct growth 
nor are any alveoh to be seen The mammary duct system in a somewhat 
older male (MM 11, fig 11), is less extensive but a few clumps of alveoli 
are to be seen on microscopic examination (fig 20, Plate 24) It does not 
seem, however, that either the ducts or the alveoh proliferate with age Thus 
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Table I The mammabv gland in the 
NORMAL MALE RHESUS MONKEY 


Monkey 


Body weight Estimated 
at autopsy age 
kg months 


Mean mammary 
gland area 


OM 30 2 7 

MMll 39 

OM 80 4 2 

OM 90 5 0 

OM 149 6 7 


28 1 06 

39 Leas than 1 

44 3 77 

60 Less than 1 

90+ Less than 1 




Pig 12 Silhouette of part of 
mammary gland of OM 00 x 4 1 



Pig 13 SiUiouette of part of 
mammary gland of OM 149 x 1 2 


mOM90,lig 12, an adolescent male, and in.OM 149, fig 13, a mature male, 
there is no further extension of the ducts, nor are any alveoli to be seen 
microscopically The mammary glands of OM 89 (fig 28, Plate 26) reveal, 
however,acondition of gyn aecomastia The glands comprise an arborescent 
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duct system associated with alveolar development (figs 21, 22, Plate 24) 
The glands are also larger than normal Gynaecomastia has also been ob¬ 
served in an adult male pig-tailed macaque, M nemestnna, m whom the mean 
mammary gland size was 20 cm * In this instance, however, there was no 
alveolar development, the glands consisting only of arborescent ducts 
Gynaecomastia has often been observed m man (see Seifert 1920) and m 
the goat (Herre 1933, and Spann 1933) Its occurrence is of interest m 
view of recent demonstrations that androgemc substances can stimulate 
the development of the mammary apparatus (Selye, McEuen and Colhp 
1936, Nelson and Gallagher 1936, Astwood, Geschickter and Rausch 1937, 
Bottomley and Folley 1938) It is also of interest that the pubertal male 
rat normally possesses a mammary gland which is at least os well developed 
relatively as the glands are in the case of gynaecomastia hoted above 
(Astwood and others 1937) 

Effect of oestrone on the tmmmary gland of the male rhesus monkey 
Table II gives data relating to twelve immature male rhesus monkeys 
and one immature Hanuman langur, Presbytts erUellus, which were injected 
daily for periods varymg between 6 and 484 days and with amounts of 
oestrone varying between 0 05 and 6 0 mg daily 


Table II The EFtECT 01- oestrone on the mammary 


OL.AND OK THE MALE 

Total 

amount 

Maximum J5sti of 

body mateil oostron* 
weiglit aRo given 
Monkey kg months mg 

OM 24 3 4 36 0 7 

OM 43 2 8 30 0 7 

OM 148 2 6 32 16 

OM 163 2 4 19 2 2 

OM 16 2 2 18 6 6 

OM 161 2 6 22 3 7 

OM 197 3 7 46 6 6 

OM 101 2 9 30 6 2 

MM 19 6 3 48 28 0 

MMl 4 6 43 30 0 

MM 12 4 3 48 30 0 

OM 116 2 8 28 36 8 

OM 202 6 0 —- 290 4 

(Presbytia 
mteUaa) 


RHESUS MONKEY 


Period 

of 

treat Oestrone Mean mammary 
inent per day gland area 

days mg cm * 

14 0 06 3 6 

14 0 06 Less than I 

16 0 1 Less than 1 

22 0 I Less than 1 

28 0 2 Less than 1 

37 0 1 Ix!8s than 1 

65 0 1 — 

62 0 1 3 4 

28 1 0 Less than 1 

6 6 0 Leas than 1 

6 6 0 Loss tlian 1 

368 0 1 26 3 

484 0 6 14 6 


Vol CXXVI B 
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Of these thirteen animals only OM 116, the monkey which was mjected 
for 368 days, and OM 202, which was mjected for 484 days, show defimte 
increases in mammary gland area, it is hkely, though not certain, that the 
glands of OM 24 and OM 107 had also increased m area 

Only one (OM 197) of the animals shows any defimte alveolar develop¬ 
ment The duct system m all except MM 12 appears to be actively pro- 
liferatmg (figs 26,29, Plate 25) and several specimens show sohd, and m some 
cases canalized, epithelial lateral and end buds (figs 24,33, Plates 24,26) No 
evidence of secretion w as observed m any of the histological preparations In 
general, all the specimens give evidence of more active epithelial growth than 
was observed m any of the normal controls with the one exception of the 
instance of gynaeeomastia (OM 89) Corroborative observations were made 
on three male green monkeys {Cercoptlheciis aethtaps aabaeus) that were 
injected with oestrone for short periods 

It appears that the extent of duct development vanes directly with the 
duration of oestrogenic stimulation Thus the mean mammary area m 
OM 115, the ammal which was mjected daily for a year, is almost as great 
as IS observed m mature females A similar result was obtamed with 
a Hanuman langur (Presbytta entellua) which was given 600y of oestrone 
daily for 484 days On the other hand large amounts of hormone given daily 
do not appear to affect the size of the gland if they are administered over 
too short a period (e g MM 1 and MM 12) Furthermore, the mammary 
glands of different animals appear to react differently to the same amount 
of oestrogenic stimulation (e g OM 24 and OM 43) 

It may be noted that only one of five of our animals which received 
oestrone for 16 days or less failed to show active signs of mammary growth, 
whereas only one of mne male monkeys which were studied by Gardner 
and van Wagenen (1938) and which were given oestrogenic hormone for 
equally short periods, did show signs of proliferation 

Our findings do not agree with those of Turner and Allen (1933), with 
those of Nelson (1936) and with those of Gardner and van Wagenen (1938), 
all of whom state that alveolar as well as duct development occurs m 
male monkeys which are mjected with oestrone alone With the exception 
of Gardner and van Wagenen, these investigators do not give detailed 
observations, nor do they refer to histological exammation of their matenal 
Macroscopic study of our own preparations suggests that true alveoh have 
developed (e g fags 26, 29, Plate 26), but this conclusion is not confirmed, 
except in one case (OM 197), by histological study Thus no alveoh are 
pi-eseiit in the mammary gland of either OM 202, the entellus monkey which 
was given oestrone daily for 484 days or m OM 116, the rhesus which was 
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injected for a year Fig 32 (Plate 26) is a photomicrograph of a section of 
the mammary gland of OM 202 It demonstrates the proliferating duct 
system which, m places, is lined by a much thickened epithelium No alveoli 
are present Figs 23 and 26 (Plates 24, 26) are photomicrographs of the 
mammary gland of OM 197, which was injected with oestrone daily for 66 
days Some scattered lobules of alveoli are present In view, however, of 
the similar appearance of one of the normal control specimens (OM 89, 
p 480) undue weight cannot be attached to this smgle case, especially in 
view of the absence of alveoli in the other twelve male rhesus monkeys 
which were given the same treatment 
Gardner and van Wagenen (1938) state that in their experiments lobules 
appeared in the mammary gland of a male rhesus monkey after 22 weeks 
of treatment with oestrogenic hormone These lobules are described as 
being composed of well-formed alveoli, and it would seem that this specimen 
IS similar to OM 197 disi ussed above 

Effect of oestrone on the mammary gland of the female monkey 
Our observations on the maturation of the mammary gland m the 
virgm female rhesus monkey indicate that in order to determine whether 
or not alveoli develop under any given set of conditions, it is essential 
to exclude animals that have experienced one or more phases of luteiniza- 
tion The following four monkeys were the only ones of a large number 
that had been treated with oestrogenic preparations which fulfilled this 
condition 

OM 218 This immature female wan prepubertal at the time of her death, when she 
weighed 2 3 kg She had not shown signs of sexual skin activity during her stay in 
the laboratory, and her ago is («tiinated to have boon 24 months 

The dimensions of the mmmtod ovaries are 60x42x27 €uid 62x40x26 mm 
respectively Neither contains any trace of luteal tissue The maximum diameter of 
the largest follicle present m not as great as 1 mm 
The mean mammary gland area was not determined 

OM 162 Prepubertal female, inaximiiin body weight 2 3 kg The age of this 
anunal is estunated to have botn approximately 21 months at the time of her death 
The dimensions of the moimted and serially sectioned ovaries are 60x30x25 
and 40x36x26 mm respectively Neither ovary containjs follicles larger than 
1 mm m diameter There are inanv atretic follicles but no sign of luteal tissue 
The mean mammary gland aiva is 6 4 cm • 

OM 98 Adolescent female Maximum body weight 3 8 kg This animal had begun 
to experience menstrual cycles and her age was estimated as 44 months at death 
She was ovariectomized at a body weight of 3 6 kg and when her age is estimated 
to have been 32 montlis The operation took place on the first day of the second 
menstrual cycle experienced by h» r after her arrival in the laboratory 

The mounted and serially sectioned ovaries measure 76x60x38 and 7 0x66 
X 4 8 mm respectively Both ovaries show a wave of follicular growth and each 

32 3 
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contauw several follicles, none of which has a maximum diameter greater than 2 mm 
There are many atretic follicles Neither ovary contains any trace of old or recent 
luteal tissue 

The mean mammaiy gland area is 48 3 cm * 

OM 63 Adolescent female Maximum body weight 4 6 kg This animal hod begun 
to experience menstrual cycles and her age is estimated to have been approximately 
48 montlis at the time of her death Ovariectomy was performed on the 8th day of 
the third cjole which the anunal hod in the laboratory, and oestrone admmistration 
was begun 19 days after the operation At the time of the operation the animal’s 
weight was 4 2 kg and her age is estimated to have been 46 months 

The dimensions of the mounted and serially sectioned right and left ovaries are 
66x60x44 and 66x46x42 mm re8|)ectively Neither ovary contains any 
follicle with a diameter greater than 2 mm There are many atretic follicles and 
some polyovular follicles but there is no trace of old or recent luteal tissue in either 
ovary 

The mean mammary gland area is 26 9 em • 

Table III gives a record of the total amount of oestrono given each oi 
these animals and of the period of treatment Injections were given daily 
without mterruption 

Table III The ljfect of oestrone on the mammary 



GLAND OF THE FEMALE RHESUS MONKEY 



Maximum 

Total mount 


Mean 


bwly 

of oestrono 

Penod of 

mammary 


weight 

given 

injections 

gland area 

Monkey 

kg 

mg 

days 

cm • 

OM 63 

46 

3 09 

40 

26 9 

OM 162 

2 J2 

3 70 

37 

64 

OM 218 

2 30 

4 80 

48 

Not measured 

OM 98 

3 80 

36 60 

366 

48 3 


Macroscopic examination of the “ whole-mounts ” of the mammary glands 
of this senes of monkeys reveals a densely staining thickened penpheral 
region in each gland (fig 27, Plate 26) such as is seen m normal pubertal 
females Microscopic study shows that this thickened nm consists of rapidly 
proliferating ducts, of which many are dilated (fig 18, Plate 23) It is 
instructive to compare fig 27 (Plate 26) with the mammary gland of OM 88 
(fig 3) which was an immature normal female that weighed approximately 
the same as OM 162 at death Signs of active mammary development are 
much more conspicuous m the gland of the oestrone-treated female 
All the glands show a nch arborescent system of ducts, and with the 
exception of OM 162 and OM 218 (fig 19, Plate 23), they demonstrate fully 
formed alveoli OM 08, for example, consists of dense lobules of alveoli with 
little intervening stroma (fig 30, Plate 26) The alveob are not dilated, 
but a few contain droplets of secretion (fig 31, Plate 26) 
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There is no evidence that any of the animals had experienced luteal 
stimulation before their ovaries were removed The presence of alveoli 
may therefore be ascribed to the action of the mjected oestrone Conse¬ 
quently it seems that the female mammary gland is more responsive to 
oestrogemc stimulation than is the male gland 

Effect of testosterone propionate on the male mammary gland 

Macroscopic and microscopic preparations of the six male monkeys 
listed m Table IV were used m a study of the effects of male hormone on 
the male mammary gland The animals had been injected with testosterone 
propionate for varying periods Only OM 20, which was fully mature, had 
been castrated Details of the experimental treatment given each animal 
are arranged in Table IV, whu h also gives the size of the mammary glands 
at autopsy 

Table IV Thf effect of testosteboke profionate on 

THE MAMMARY OLANl) Ot MALE RHESUS MONKEYS 
Total 

amount Period 

Maximum Fsti of testo of 

body mated Mean mammary sterone treat 

weight age gland area propionate ment 
Monkey kg montlis cm * g days 

OM 256 2 18^ 24 Less than 1 0 360 13 

OM 230 1 71 16 Less than I 0 200 14 

OM 240 1 71 16 Less than 1 0 200 14 

OM 260 2 68 24 Less than 1 0 400 14 

OM 20 9 0 108+ 1 1 0 242 90 

OM 190 4 98 48 1 1 1 69 161 

In only two cases did the mammary gland at the end of treatment 
extend beyond the base of the nipple In contrast to the very shght macro¬ 
scopic effects of the mjections, histological study shows that pronounced 
changes were m fact produced by the androgenic stimulation These are 
best demonstrated in the two specimens (OM 190 and OM 20) which 
received the longest treatment 

In OM 190 the mam ducts are stunted but very dilated (fig 34, Plate 27) 
They are surrounded by apparently sphencal lobules of alveoli, many of 
which are distended with globules of secretion The alveoli are as well 
developed eis they are m any of our female specimens (fig 36, Plate 27) and 
much more so than they are in OM 89, the case of gynaecomastia discussed 
on p 481 There is very little interlobular stroma The duct epithehum is 
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peculiar m so far as it is m many places heaped, and frequently shows 
papillomatous growth into the lumen These duct changes are even better 
demonstrated in OM 20 , in whose mammary glands many mitoses can be 
seen They are also demonstrated m the specimens in which the penod of 
male-hormone treatment was only 14 days (OM 239, fig 36, Plate 27) 
True alveoli were only demonstrated by OM 190 
These observations are m keeping with those which were made on male 
rats by Astwood and others ( 1937 ) 

It IS of interest that the mammary glands of two mature female rhesus 
monkeys (OM 28, OM 77) whose ovarian activity was inhibited for penods 
of 114 and 210 days respectively (Zuckerman 1937 ) were not as involuted 
as would be expected in view of the involution of the uterus and vagma 
Numerous mitotic figures are to be seen in the glands, and many of the 
alveoh are distended with secretion 

Effect of oestrone on the male mammary gland when given simultaneously 
with either testosterone propionate or progesterone 

Histological preparations were made of the mammary glands of five 
immature male rhesus monkeys which were injected over a penod of 14 days 
with both oestrone and testosterone propionate The actual details of the 
experimental treatment which these animals received has already been 
given m relation to the effects produced in the prostate (Zuckerman 1936 ) 
The ratio of the amount of testosterone propionate to oestrone administered 
vaned between 36 1 and 7 1 Mammary glands of another seven im¬ 
mature monkeys which were given both oestrone and progesterone in 
a study on the prostate were also examined (Zuckerman and Parkes 1936 , 
Table III) The ratio of progesterone to oestrone given m these experiments 
vaned between 20 1 and I 1 In none of these ammals did the mammary 
tissue at autopsy extend beyond the base of the nipple In the first senes 
of expenments oestrogenic effects prevailed when the ratio of testosterone 
propionate to oestrone was below 9 No changes which could be attnbuted 
to the testosterone propionate were observed m any of these specimens 
Changes similar to those which are observed m animals mjected with 
oestrone alone also prevailed in each of the second senes of specimens 
No alveolar development was observed, and it may therefore be mferred 
that the normal effects of progesterone are not produced when the hormone 
IS given simultaneously with oestrone m the ratios noted above As is well 
recognized, progesterone does cause such development after preliminary 
oestrogen treatment 
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The absence of carctnomaUms changes after prolonged 
treatment with oestrone 

Lacassagne ( 1932 ) observed the occurrence of carcinomatous changes in 
the mammary glands of male mice which were injected for prolonged 
penods with a solution of oestrone benzoate These findmgs, which have 
been confirmed by Burrows ( 1935 ) and others, are obviously of great 
importance m view of the increasing use of oestrogenic substances in clinical 
medicme Observations which we have been able to make on monkeys 
which received mjections of oestrone for penods of one year and more 
are therefore not without interest Details of these animals are given m 
Table V In three cases, long penods of daily injections were separated 
by short penods in which no treatment was given 

Table V Peolonged pekiods op ofsteoxf injection in monkeys 

Total 

No of amount of 
Days of days no oestrone 
experi oestrone given 

Monkey Species Sex inent given mg 

OM 98 M mulaUa Female 365 None 36 6 

OM 96 „ „ 398 103 23 01 

OM92 „ „ 466 126 24 31 

OM 74 , „ 938 391 44 7 

OM 116 , Male 368 None 36 8 

OM 202 P erUMus , 484 None 287 8 

Mammary cysts did not develop either dunng or at the end of the penod 
of injections in any of these animals Furthermore, histological study 
failed to reveal any evidence for abnormal mammary growth (see figs 30, 
31, 32, 37, 38, Plates 26, 27) 

Mammary carcinoma does not develop in mice until after the end of 
penods of mjection which, relative to the life span of the species, are much 
longer than those expenenced by the monkeys listed m Table V Conse 
quently, one cannot conclude that pathological mammary changes would 
not occur in monkeys if they were injected for longer penods than those 
indicated in the table Nevertheless, we feel that our results provide some 
reassurance regarding the possible dangers attending oestrogemc therapy, 
particularly as our observations have been made on a species which is 
more closely related to man than is the mouse 
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Summary 

1 Examination of the mean mammary gland area of twenty-six non¬ 
pregnant normal female rhesus monkeys shows that over the body-weight 
range 3400-6060 g the gland grows according to the simple allometnc law 

2 The first menstrual cycles of the rhesus monkey after puberty are 
usually anovular Until ovulation occurs, mammary glands grow by 
proliferation of their ducts, and alveoli do not appear to form until after 
luteimzation has occurred 

3 Normally the mammary gland of the male rhesus monkey consists 
of a relatively uncomplicated duct system which does not extend far 
beyond the base of the nipple One otherwise normal male showed a 
condition of gynaecomastia, with clumps of fully formed alveoli 

4 Thirteen male monkeys were injected daily with varying quantities 
of oestrone for jx^nods ranging from 6 to 484 days Only one of these 
animals (one that was injected for fewer than 16 days) failed to show 
duct proliferation Only one showed alveolar formation, no alveoli being 
present in the two animals which received the longest treatment (368 and 
484 days respectively) 

6 Only two of four female rhesus monkeys which were spayed before 
the beginmng of the treatment with oestrone (37-365 days) showed 
alveolar formation 

6 Testosterone propionate appears to stimulate stunted duct develop¬ 
ment and alveolar formation m male monkeys 

7 No carcinomatous changes were observed in the mammary glands 
of any of six monkeys which were mjected daily with oestrone either 
contmuously, or for the major part of penods varymg between 366 and 
938 days 

Our best thanks are due to Dr P White for his advice regarding the 
mathematical treatment of the data m the section on the growth of the 
mammary gland The monkeys used m this study were bought with the aid 
of a grant to S Zuckerman from the Medical Research Ouncil The work 
was also supported by a grant to S Z from the Nuffield Medical Committee, 
Oxford The hormones that were used were generously provided by Dr 
Tausk of Organon, Oss, and Dr Karl Miescher of Messrs Ciba, Ltd 
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Description of Plates 
Plate 23 

Fig 14 Photomicrograph of section of mammary gland of OM 143 No secreting 
alveoli are present, but the duct system shows signs of active proliferation x 24 
Fio 16 Photomicrograph of section of mammary gland of Mm 66 The mammary 
gland shows signs of mvolution after a period of lactation x 10 
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Fig 16 Lobules of alveoli of mammaiy gland m Mm 116, an animal which had 
experienced phaaee of luteumation x 24 
Fro 17 High power view of alveoli in mammary gland of Mm 110 x226 

Fig 18 Section through thick peripheral run of mammary gland of OM 263 ehowing 
actively proliferating ducts only X 24 

Fig 19 Section of mammary gland of OM 218 showing ducts but no alveoli x 10 
Plate 24 

Fio 20 A duct and a clump of alveoli m the mammary gland of a normal male 
rhesus monkey, MM 11 x 81 

Fio 21 Lobules of alveoli m the mammary gland of a normal male rhesus monkey, 
OM 89 The degree of alveolar formation in this specimen warrants the deaonp 
tive term “gynaecomastia” x 24 
Fro 22 High power view of lobular development m OM 80 x 225 
Fio 23 Clumps of secreting alveoli in the mammary gland of OM 197, a male rhesus 
monkey that had been mjected with oestrone x 10 
Fig 24 Lateral duct bud in mammary gland of OM 43, a male rheeiis monkey that 
was being injected with oestrone x 150 

Plate 25 

Fio 26 A lobule of alveoli m the mammary gland of OM 197, a male rhesus monkey 
that was being mjectod with oeetrone x 160 * 

Fro 26 Photograph of “whole mount’ preparation of mammary gland of OM 116, 
a m«de rhesus monkey that was injected with oestrone foi a period of a year 
x09 

Fig 27 Photograph of “whole mount” preparation of mammary gland of OM 162, 
an immature female rhesus monkey which had been injected with oestrone for 
37 days Note the densely staining peripheral zone x 1 9 
Flo 28 Photograph of “whole mount” preparation of mammary gland of OM 89, 
a normal immature male rhesus monkey The excessive alveolar development 
in this spocunen warrants the descriptive term “gynaecomastia” x 2 2 
Fig 29 Photograph of ‘ whole mount ” preparation of mammary gland of OM 24, 
an immature male rhesus monkey that was injected with oeetrone for 24 days 
X 1 9 

Plate 26 

Fig 30 Section of mammary gland of an adolescent female rhesus monkey, OM 98, 
which was given daily mjeotions of oestrone for a year x 24 
Fig 31 High power view of a lobule of alveoli in the mammary gland of OM 98 
x226 

Fig 32 Section of mammary gland of OM 202, an entellus langur which was 
injected with oestrone daily for 484 days No alveoh are present x 24 
Fro 33 Section of mammary gland of OM 43, an immature male rhesus monkey 
which was mjected with oestrone for 14 days The ducts are actively proliferating 
but no alveoli are present x 10 
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Fio 34 Section of mammary gland of OM 190, an adoleaoent male rhesus monkey 
which was mjaoted with testosterone propionate over a period of 161 days The 
ducts are distended and many lobules of alveoh are present x 24 
Pio 36 High power view of alveoli in the mammary gland of OM 190 X 226 
Fio 36 Transverse section of ducts in the manunary gland of OM 239, an immature 
male rhesus monkey which was mjected with testosterone propionate over 
a penod of 14 days x 160 

Fio 37 Normal lobules of alveoh m mammary gland of a mature female rhesus 
monkey, OM 74, which was mjected with oestrone a period of 938 days x 24 
Fio 38 High power view of alveoh m mammary gland of OM 74 x 333 
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Determination of lung volume a simple constant 
volume modification of Christie’s method 

By F J C Hberald and J MoMichakl 
From the Cltntcal Laboratory, Royal Infirmary, Edinburgh 

{Communicated by C 0 Douglas, FR S —Received 11 August 1938) 

The total lung volume consists of the vital capacity plus the residual air 
Smoe the vital capacity may be measured directly, determination of the 
total lung volume depends on the measurement of the residual air Alterna¬ 
tively, the functional residual air may be measured and the figure added to 
the oomplemental air (termmology of Clmstie 1932) As the volume of 
reserve air expelled from the lungs m untrained subjects is liable to fortuitous 
vanations, calculations of the residual air based on gas dilution at the end 
of a forced expiration are open to considerable error, for the same reason, 
determmations of the functional residual air at the end of an ordinary 
expiration may be maccurate Van Slyke and Binger (1923) and Clu^istie 
(1932) have shown that this source of error may be avoided by taking 
graphic spirometer records of respiration dunng the penod of mixing 
Smce the dilution of the lung gases is achieved by ordinary quiet respiration, 
this method requires no special respiratory efforts and is thus eminently 
smtable for clinical mvestigation 
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Determination of lung volume by Chnstie’s method, the underlymg 
prmciple of which is exceedmgly simple, mvolves only the recordmg of an 
ordinary spirometer tracing and the analysis of the oxygen and nitrogen 
content of the spirometer gas at the end of a period of rebreathing The 
essence of the method is as follows 

The dead space oi the spirometer with its attached tubes is estimated 
with the spirometer bell in the zero (empty) position A measured amount 
of oxygen, say 41, is added to the spirometer The subject is switched into 
the spirometer circuit and a record is made in the usual way At the end of 
7 mm the subject is disconnected, and it is assumed that in this tune 
complete equilibrium has been reached between the gases m the patient’s 
lungs and in the spirometer After allow mg diffusion of the gases to take 
place in the spirometer, a sample is taken and analysed It is assumed that 
the volume ot nitrogen in the closed lung spirometer system remains 
constant, and the calculation is made as follows 

Let X be the volume of air in the lungs at the time of switching the 
patient into the circuit As a convement example let us suppose the 
spirometer dead space to be 2 1, the final percentage of mtrogen m the 
spirometer (as found by analysis) to be 60, and the final spirometer volume 
at the same phase of respiration as that at the begmning of the record to 
be 3 1 from the zero mark The latter figure added to the spirometer dead 
space volume gives a total final spirometer volume of 5 1 For a reason to 
be stated presently, the nitrogen content of the air m the lungs may be 
assumed to be the same as that of the inspired air, i e 79 1 % Nj at the 
begmning of the expenment and 60% at the end Now, the volume of 
nitrogen m the system at the beginning of the rebreathing period is 
0 791 X 2 + 0 79Ix 1, and this, by assumption, is equal to the volume of 
mtrogen m the system at the end, i e 0 60 (t + 6) 1 

Thus 1 682 +0 791a; = 0 60a!+ 2 6, (1) 

0 291a; = 0 918, 
a; = 3 161 

Although it 18 well known that the percentage of nitrogen in the lungs is 
more than 79 1 (except m the event of the respiratory quotient bemg umty), 
Christie made the reasonable assumption that the relative mcrease m the 
percentage of nitrogen taking place m the lungs would be approximately 
the ssune whether the inspired air contamed 79 1 or 60%, provided that 
the respiratory quotient remained unaltered The errors introduced by the 
assumption of an unaltered concentration of nitrogen m the lung air as 
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compared with the inspired air appear on both sides of equation ( 1 ) and 
are almost exactly cancelled out In this way the necessity for determina¬ 
tion of the nitrogen percentage in the lung air is avoided 

A recent and careful study by Lassen, Coumand and Richards ( 1937 ) 
has, however, shown that Christie was not justified m makmg this assump¬ 
tion, and the value of his otherwise extremely useful and easy method is 
accordingly in doubt By alveolar air sampling, they showed that m a 
closed lung-spirometor system with a steadily diminishing volume there 
was no nitrogen concentration in the lungs, as the lungs constitute a virtual 
reservoir of air, the nitrogen c ontent of which approximates to that of au- 
breathed perhaps half a minute previously A tidal inspiration of 500 c c 
18 obviously inadequate completely to change the composition of, say, 
3000 c c of functional residual air In the closed system with diminishing 
volume, the alveolar air at the end ol a few minutes’ robreathmg has been 
shown to have a lower nitrogen percentage than the air m the spirometer 
at the same moment As alveolar air may contain as much as 81 of 
nitrogen when the patient is breathing atmospheric air, the corrected 
equation ( 1 ) might be 

1 682-l-0 81j- = 0 49a:-l-2 5, 

0 32j: = 0 918, 

X = 2 87 1 

Christie s original method thus tends to give results which are too high 
With large volumes of functional residual au the lung storage effect 
becomes more and more marked and the error of the raethcxl is exaggerated 
By the somewhat laborious method of analysing the alveolar air just before 
and at the end of the period of robreathmg, Lassen, Cournand and Richards 
( 1937 ) were able to ehmuiate this error The deviation of Christie estima¬ 
tions from the true value is shown by the circles in fig 1 It is seen that the 
discrepancy is most pronounced when the functional residual air exceeds 
31 

The procedure adopted by these authors trebles the number of gas 
analyses required, and the method becomes entirely unsmtable for clinical 
investigations, in which alveolar air sampling is notonously unreliable As 
they have shown, the difliculties of applymg the assumjitions made by 
Christie would not arise but for the fact that the volume of gas in the 
spirometer is steadily diminishing, thereby producing a contmually rising 
percentage of nitrogen in the inspired air, and making a final equilibnum 
impossible of achievement It is therefore evident that the addition of 
oxygen at a uniform rate to the spirometer so as to balance its removal by 
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the lungs, thus-keeping the nitrogen percentage of the inspired air constant, 
would obviate this difficulty The lung an- would come,into equilibrium 
with a new atmosphere of constant composition, lung “nitrogen lag” 
would be abolished, and the ongmal Christie equation could be used without 
appreciable source of error 



Fic 1 The probable functional residual air values estimated by Coumand and 
others by alveolar sampling (circles) and by the constant volume method (dots) are 
plotted against the results in the same subjects obtained by Christie’s method 
Agreement of the results is shown where the points cluster along the diagonal 
Chnatie s method gives results markedly above the true tiguios with values over 3 1 


A number of detemunations of lung volume were made on a senes ot 
subjects under identical conditions by Christie’s ongmal method, and by the 
‘ constant volume modification The results obtamed are shown in Table I 
and plotted (dots) in fig 1 It is seen that, while there is reasonable 


TABLk I Determinations or functional residual air by 
Christie’s method and the constant volume method 


Constant vol Christie 

2 41 2 33 

2 01 3 10 

316 3 16 

3 46 6 00 

3 26 2 86 


Constant vol Christie 

3 30 3 70 

2 68 2 48 

2 28 2 21 

2 23 2 28 

2 36 2 13 
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agreement between the two methods when the functional residual air is 
less than 3 1 , Christie s method gives estimations which are too high at 
values above this figure—a findmg very much in accordance with that seen 
on companng the origmal method with the modification devised by 
Cournand and others Clearly, then, the error mtroduced by Christie’s 
assumption can be eliminated by adoptmg either the procedure of Lassen, 
Cournand and Richards or the method described in this paper, but the 
great advantage of the latter lies in the fact that it is a simple modification 
of technique, which uitroduces no difficulties of additional gas analyses or 
gae samplmg 


Apparatus 

The apparatus we have used is the Knippmg type of spirometer with a 
circulatmg air pump as supphed by C F Palmer, Ltd The pump m this 
machine circulates the air at rates up to 40 I /mm In this way rapid and 
efficient mixture of gases is assured, and there is no possibility of in¬ 
complete mixing such as might result from the addition of oxygen to the 



Fig 2 Modified Kmpping spirometer for determination of Jung volume The patient 
M connected to the apparatus by the throe way cock (T C ) and the air m the spiro 
meter is kept circulating by the pump P dnvon by the motor M Bottle B is filled with 
cal soda chips to absorb CO, Tlie volume of the whole system is kept constant by 
running in oxygon at a umform rate from a cylinder through a calibrated needle 
valve F A katharometer chamber K is inserted m the circuit, connected through a 
battery, variable resistance It and ammeter A to a, galvanometer O 
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more common type of apparatus, m which the air circulation is maintamed 
by the patient u own respuratory efforts Also, at the end of the experiment 
there is no delay due to waitmg for the gases to diffuse and mix through 
the tubes ' 

The apparatus supplied has to be modified The usual wash-bottle for 
the absorption of COj is removed and replaced by a bottle of cal-soda chips 
This removes COj with much greater efficiency The amount of water in 
the spirometer is reduced very considerably by the msertion of a sohd 
paraffin core, as suggested by Christie while the water level may be kept 
constant, after estimation of the dead space, by the use of a small syphon 
manometer 

We have also found the insertion of a katharometer chamber m the tube 
leading the mspired air from the COj absorbing bottle to be of considerable 
value The katharometer is connected to a sensitive galvanometer, the 
needle of which settles down to a constant level when mixmg is complete 
throughout the lung-spirometer system The galvanometer may be cali¬ 
brated to give an approximate reading of the percentage of oxygen in the 
spirometer, but owing to the sensitivity required, zero fluctuations render 
it impossible to use this method as a substitute for analysis 


TiMR RkQUIRKn TO RIACH KQUIIIBRIUM 

Fig 3 shows examples of the changes m the galvanometer reading over 
the last few mmutes of the rebreathmg period m a few subjet ts It is seen 
that the needle may not settle down to its final value until 6 min have 



Fio 3 Three examploe of the rate of change of oxygen porcentago in the inspired 
air as gauged ffom the katharometer The galvanometer needle lags about half a 
mmuto after the actual change in gaa composition hae taken place so that complete 
fxjuihbrium le actually reached nooner than mdicuted 
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elapsed Equilibrium is invariably reached within this time in normal 
subjects, and in a few instances, e g where no change in the galvanometer 
readmg takes place after the fourth minute, it is achieved sooner As the 
katharometer current was adjusted to give a needle deflexion of 6 divisions 
for a change m oxygen concentration of 1 %, the rate of change of the 
oxygen percentage in the inspired air may also be gauged from the curves 
In the absence of a katharometer it is wise, therefore, to continue the 
record into the seventh mmute This is slightly longer than the time 
suggested by Van Slyke and Binger ( 1923 ), viz that 5 mm wew adequate 
for the achievement of equilibrium 


Technique of determination 

In routme work the patient is connected to the spirometer and an 
ordinary tracmg of respiration taken Dunng this procedure the vital 
capacity, complemental air and reserve air are recorded separately In 
order to avoid errors introduced by lack of effort on the part of the subject, 
at least two determinations of vital capacity are made From this record 
the rate of oxygen consumption is also estimated 

The apparatus is now washed out with atmospheric air led m through a 
pipe from the outside This may convemently be earned out by the 
circulatmg air pump, and 5 min washing is usually adequate The spiro¬ 
meter bell 18 then put in the zero position and 4 1 of (yhnder oxygen of 
known composition are added By means of a calibrated fine-flow adjust¬ 
ment, sufficient oxygen is added at a uniform rate to balance its rate of 
consumption by the subject The subject breathes normally in the closed 
circmt for about 7 mm until he has come into complete equilibrium with 
the new atmosphere An unchanging composition of the air m the circuit 
18 mdicated by a steady reading on the galvanometer connected to the 
katharometer in the circuit The patient is then disconnected and the 
pump allowed to run for a minute or so to remove any accumulated CO, m 
the apparatus The final CO, percentage, which may be estimated by the 
dimmution m spirometer volume subsequent to switching the patient out 
of the circuit, should not be allowed to rise above 0 6 % Samples are then 
taken and analysed for their nitrogen and oxygen content A Van Slyke 
monometne apparatus may suitably l>e used to make these analyses 

The spirometer volume at the end of the experiment is found by rulmg 
the usual Ime through the expiratory positions along the base of the 
respiratory record (“resting respiratory level’’) The exact position of this 
Ime can usually be determined easily, but occasionally the level may be 
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irregular and an absolute line may be difficult to establish In such cases, 
(yhnstie adopted the criterion that the record could be accepted only if the 
possible error did not exceed 50 c c If it is impossible to determine 
accurately the general slope of the record to within 100 o o , the record 
should certainly be discarded for the purposes of this calculation—an error 
of this magmtude altenng the final result appreciably Thus, substitutmg 
4 9 for 6 0, m equation (1) we have 

0 791a: + 1 682 = 0 50(a: + 4 9), 

0 791a; + l 682 = 0 60x + 2 46, 

0 291a: = 0 868, 
x = 2 98 

In this example, therefore, a discrepancy of 100 c c in the estimated 
position of the “resting respiratory level” makes a difference of 0 18 1 in 
the result 


Corrections 

The subdivisions of lung volume other than the functional residual air 
are measured directly from the spirometer tracings of complementary air, 
reserve air and vital capacity No corrections for temperature need be 
apphed as these measurements represent closely the true volume changes 
in the lungs This fact can be demonstrated readily by taking a full 
inspiration from the spirometer and then holding the chest in the position 
of maximum jxissible inspiration, as the au* m the lungs is warmed its 
expansion is recorded on the spirometer tracmg By this means it is found 
that the tune required for full warming of the air is about half a minute 
The change of temperature occumng dunng the few seconds normally 
occupied by the recording of vital capacity and its subdivisions may be 
regarded as negligible 

Several corrections however must be made to the functional residual air 
value as calculated For convemence we shall discuss these corrections in 
relation to a functional residual air value of 3 1 

(1) Temperature correction The calculation of x (equation (1)) is made as 
though the air in the lungs is at the temperature of the air in the spirometer 
at the end of the expenment This temperature is usually about 20° C, and 
at 37° C the volume of air m the lungs (functional residual air) would 
obviously be 3 00 x 310/293 or 3 17 1 The air m the lungs is thus about 
170 c c greater than that actually calculated 
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( 2 ) Vapour pressure correctxon The oaloulation as made is only correct 
in so far as an even distribution of water vapour may be assumed throughout 
the system Such an assumption is of course not justified, the saturated 
vapour pressure of water in the spirometer at 20° (’ being 17 mm Hg and 
m the lungs at 37° bemg 47 mm Hg, a difference of 30 mm Hg With a 
functional residual air of 3 i the true lung volume corrected for complete 
saturation with water vapour would bo 760/730x 3 or 3 12 1 

(3) Dead tpace correctwn The calculated volume mcludes that between 
the tap of the spirometer mouthpiece and the alveoli, that is the whole 
respiratory dead space as well as the additional dead space provided by 
the spirometer mouthpiece The mouthpiece dead space m the apparatus 
we used was 60 c c On the average about 150 c c should be subtracted for 
the true respiratory dead space, but this is only an average figure, and for 
most purposes it is convenient that the lung volume should mclude this 
dead space 

(4) Error iniroduced by the escape of nttrogen from the blood dur%ng the 
mtxtng of lung and spirometer a%r During the course of the experiment the 
nitrogen content of the gases in the lung is steadily dimmishing and 
consequently an appreciable quantity of the nitrogen dissolved m the 
blood passes into the alveoli, the volume of nitrogen added in this way to 
the lung spirometer system has been calculated by Christie, from the data 
of Hill, Ixing and Lupton ( 1934 ) and of Campbell and Hill ( 1931 ), to be 
about 65 c c To keep this figure approximately constant and thus obtam 
comparable results the estimates should always be made at the same 
spirometer volume, and the standard duration of the rebreathing period 
should be seven minutes The error created by the addition of 66 c c mtrogen 
during the rebreathing penod is shown by adding this figure to equation ( 1 ) 

1 582 + 0 7»lx + 0 065 = 0 50x+2 5, 

w hence x = 2 94 1 or 0 22 1 less than the calculated value 

When the calculated functional residual air is approximately 3 1 and the 
temperature of the spirometer gases is 20 ° C the value of these errors may 
be tabulated as follows 

Add Subtract 

O C CO 

Temperature correction 170 

Vapour pressure correction 120 

Es^po of mtrogen from the blood 220 

Dead space of mouthpiece 60 

Dead space of respirator3^ passages (average) 160 
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Table II Duplioatb determikations of pukctional residual air 

(ARRANGED IN ORDER OF MAGNITUDE OF THE 

DIPPERENCES) _ 


First 

Second 




deter 

deter Difference 


No 

raination raination 

(D) 

D» 

1 

3 08 

3 08 

00 

00 

2 

3 10 

3 12 

0 02 

0 0004 

3 

2 96 

2 97 

0 02 

0 0004 

4 

2 36 

2 32 

0 03 

0 0009 

6 

3 46 

3 60 

0 06 

0 0026 

6 

2 90 

2 96 

0 06 

0 0026 

7 

4 66 

4 60 

0 06 

0 0026 

8 

3 21 

3 28 

0 07 

0 0049 

9 

2 60 

2 68 

0 08 

0 0064 

10 

4 00 

3 91 

0 09 

0 0081 

11 

3 20 

3 10 

0 10 

0 0100 

12 

2 42 

2 30 

0 12 

0 0144 

13 

2 46 

2 68 

0 13 

0 0169 

14 

2 91 

3 04 

0 13 

0 0169 

IB 

3 09 

3 24 

0 16 

0 0226 

16 

2 07 

1 00 

0 17 

0 0289 

17 

3 70 

3 87 

0 17 

0 0289 

18 

2 47 

2 66 

0 19 

0 0361 

19 

3 40 

3 60 

0 20 

0 0400 

20 

1 50 

1 70 

0 20 

0 0400 

21 

3 30 

3 60 

0 20 

0 0400 

22 

4 27 

4 07 

0 20 

0 0400 

23 

300 

3 22 

0 22 

0 0484 

24 

2 62 

2 38 

0 24 

0 0676 

26 

2 44 

2 20 

0 24 

0 0576 

26 

2 46 

2 20 

0 26 

0 0626 

27 

3 20 

3 47 

0 27 

0 0729 

28 

3 82 

4 09 

0 27 

0 0720 

29 

3 03 

3 31 

0 28 

0 0784 

30 

2 10 

1 80 

0 30 

00900 

31 

3 30 

3 OO 

0 30 

0 0900 

32 

3 26 

3 68 

0 32 

0 1024 

33 

3 38 

3 04 

0 34 

0 1166 

34 

3 16 

2 80 

0 36 

0 1225 

36 

3 24 

3 70 

0 36 

0 1296 

36 

2 62 

2 24 

0 38 

0 1444 

37 

3 30 

2 90 

0 40 

0 1600 

38 

2 37 

1 95 

0 42 

0 1764 

39 

3 42 

3 85 

0 43 

0 1849 

40 

1 76 

1 30 

0 46 

0 2025 

41 

2 60 

2 97 

0 47 

0 2200 

42 

2 20 

2 71 

0 61 

0 2601 

Sum of the absolute dififer 

ences 


9 22 

Mean difference (9 22/42) 



0 2191 

Mean difference from mean value of each pair 


0 110 

Sura of squares of the absolute difforoncos 


2 8127 

Variance of absolute diffei 

rences {2 8127/42) 


0 0670 

Whence s D 




0 259 

Standard deviation of the 

1 differences from th 

le mean. 


or standard error of a a 

ingle observation 


0 269/V2 or 0 183 1 
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Determination of lung volume 

Thus if we include m the lung volume the dead space of the respiratory 
passages it is seen that the total correction required is + 0 01 1 Similar 
calculations show that the total correction af functional residual air values 
of 2 and 4 1 are minus 0 04 and plus 0 02 1 respectively 

Accuracy of thk method 

In Chnstie’s publication a senes of determinations on three normal 
trained subjects showed a high degree of accuracy There is no doubt that 
equally good results could be obtained under these conditions by the 
present method The real value of a method depends, however, on its 
ease of apphcation, and its accuracy can be more usefully assessed from 
a study of the results obtamed on a senes of unselectod individuals who 
had no special framing as subjects of respiratory expenments The duph- 
cate determinations shown in Table II were made m a senes of 42 male 
members of a mining population who had never previously seen respiratory 
apparatus 

The accuracy of the method compares well with the results obtamed by 
Chnstie in his three normal subjects in which the average deviation from 
the mean was 0 093 1 as compared with our value of 0 110 1 

This work was carried out with the aid of an expenses grant from the 
Lawrence Fund of the Royal Society 

Summary 

1 Christie’s simple method of lung volume determination by the use of 
a spirometer and involvmg only a smgle gas analysis is liable to considerable 
error, especially with functional residual air values above 3 to 3 5 1 

2 Modifications in technique are suggested which apparently elimmate 
the error while retammg its simplicity and ease of apphcation 

3 A series of duphcate determinations on forty two untrained subjects 
reveals the standard error of a smgle determination to be 0 183 1 
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The lung volume and its subdivisions in 
normal males 

By E A Aslett, A 8 S % sta 7 U Tuberculosa Officer, Kvng Edward VII 
Welsh Nalwrvod Memorial Associaiton, 

P D’Abcy Haet, Member of Scientific Staff, Medical Research Council 
AND J McMichael, Johnston and Lamence Research Fellow, Royal Society 

A method of determmmg the lung volume has been descnbed m the 
preceding paper (Herrald and McMiohael 1938 ) During the course of an 
investigation on chronic pulmonary disease m the South Wales coalfield,* 
sixty-six normal adult male subjects were studied as controls, and the 
results of this part of the investigation are here presented The only 
previous work on comparable numbers was earned out m Rochester, New 
York, by Hurtado and his co-workers, who examined a hundred young adult 
normals (fifty males and fifty females) and, more recently, fifty middle- 
aged normal males, m the recumbent position (Hurtado and Boiler 1933 , 
Hurtado, Fray, Kaltreider and Brooks 1934 , Kaltreider, Fray and Hyde 
1938 ) They also contrasted the results on males with ten subsidiary 
observations, made in the sittmg posture, m each of the two senes (Hurtado 
and Fray 19336 , Kaltreider, Pray and Hyde 1938 ) These workers point 
out that no satisfactory standards of normahty for total lung volume 
together with its subdivisions had previously been available Their own 
standards would be generally acceptable were it not for the fact that doubt 
has been thrown on the validity of the method used (Lassen, Coumand and 
Richards 1937 ) The source of error m the method is bnefly discussed m 
the precedmg paper, and it is shown to be most pronounced at functional 
residual air values of over 3 61 Since most normal values of this measure- ^ 
ment are below this figure it is not surpnsmg that our present results show 
remarkable general agreement with the figures of the Rochester workers 

1 Terminology 

Throughout this paper we use the following termmology 

Residual axr is the amount of air remaming m the lungs after the fullest possible 
expiration 

• Investigation m progress by the Industrial Pulmonary Diseases Committee of 
the Medical Research Council 

t 802 ] 
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Functional restdual avr is the amount of air remaining m the lungs after normal 
expiration In the spirometer record of respiration the position reached after a 
normal expiration is called the restirig respiratory level 

Complementary atr is the volume of an inspir^ from the restmg respiratory level 
to the position of maximum inflation It includes the tidal air 

Reserve atr is the amount of air expuod from the resting respiratory level to the 
position of maximum deflation Reserve air plus residual air equals the functional 
residual air 

Vital capaoUy is the amount of air expired in the fullest possible expiration 
following the deepest possible inspiration Vital capacity usually equals the sum of 
the complementary and reserve airs 

Total lung volume is the sum of the residual air and the vital capacity 


2 Methods 

(a) Lung volume (lelermtncUtons 

The technique adopted was that described in the preceding paper By 
this method the possible error of the origmal Christie technique is avoided 
The determinations were made with the subject under restmg conditions 
sittmg on a high-backed chair with the head supported on a cushion 

The sittmg, rather than the recumbent, posture was decided upon as 
being more smtable for standard use, for the following reasons 

(1) The sittmg posture is a nearer approach to the standmg position commonly 
used in this country for chest radiography 

(2) Most other types of physical examination and chest measurement are pre 
ferably made with the subject sitting up 

(3) The respiratory effort involved in recordmg vital capacity is made with greater 
ease and freedom m tins position 

The value of the functional rendval a%r as given represents the true 
volume of the air in the lungs, taking into account the effect of temperature 
and water vapour The vital capacity, reserve and complementary airs were 
obtained directly from the spirometer tracings, the vital capacity bemg 
recorded at least twice No corrections for temperature or vapour pressure 
need be applied to these spirometnc readings (see Herrald and McMichael 
1938 ) The residual air was calculated by subtractmg the reserve air from 
the functional residual air The total lung volume was obtamed by adding 
either the sum of the reserve and complementary airs or the vital capswity 
—whichever value was the greater—to the residual air 

( 6 ) Physical and radiological measurements 

The standing and stem heights and the weight wore taken with the subjeote stripped 
to the waist and without boot* the height to the nearest J m and the weight to the 
nearest pound For the stem height, the platform of the height standard was placed 
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on a chair and the subject instructed to sit on it with the buttocks and the back 
of the head pressed against the upright scale, and with the top of the head horizontal 
this method ensured a uniform sitting position 

The surface area was obtamed from the standing height and weight by use of 
Boothby and Sandiford's {1921) nomograph, and from the surface area and Du Bois’s 
standards for normal basal calories per square metre per hour for males of the 
particular age the rwrmal total basal calories per day were obtained by means of the 
same nomograph 

The chest circumference was measured on full inspiration, horizontally ^ m below 
the mpple level, with the arms at the sides Both this and the circumferential expansion 
are given to the nearest J m 

The area of the lung fields and the radiological chest volume, terms introduced by 
Hurtado and Fray (1933 a), wore obtamed as follows The area of the lung fields 
(area of heart moluded) was dotermmed by means of a planimetor from an X ray 
film taken at a focal film distance of 64 m on full inspiration and m the standing 
position The radiological chest volume was calculated by multiplying the area of 
the lung fields by the external antero posterior chest diameter llie latter measure 
ment, to the nearest J in , was taken on full inspiration by a pelvimeter placed 
horizontally 1 m below the nipple level m the mid Ime 

The radwlogical chest heightlundth x 100, an index also introduced by Hurtado and 
Fray, was obtained from the same X ray film The height was determined by 
measurmg the vertical distance from the dome of the diaphragm to the plane of the 
neck of the first nb on both sides and taking the mean The width was obtamed at 
the level of the nmth rib posteriorly, the measurement being taken from the inner 
aspects of the ribs 


3 Criteria of normality and physical measurements 

OF SUBJECTS EXAMINED 

The sixty-six subjects of this study were selected from the normal 
members of the working population of an anthracite colliery m Carmarthen¬ 
shire, the great majority being of Welsh parentage Their ages ranged from 
19 to 63 years, and their heights fixim 60 to 71 in Both surface and under¬ 
ground workers were included 

The subjects conformed to the lollowmg criteria 

(1) X rays showmg nonnal lung fields and no definite enlargement of the heart 
shadow, judged by the cardio thoracic ratio 

(2) Exercise tolerance classed as normal as result of a simple test 

(3) No history of past relevant cardiac or respiratory disease (Six men with a 
history of pneumoma or pleurisy, uncomplicated and without secjuelae, wore moluded ) 

(4) No relevant present symptoms of cardiac or respiratory illness, 1 0 no chronic 
cough, breathlessness or wheezmg (Men subject to “chest colds’’ (with or without 
wheezing) were included if these were less than three a year ) 

(6) No physical signs of relevant cardiac or respiratory disease (Men with possible 
hypertension were included ) 

The physical and radiological measurements of the subjects exammed 
are summarized m Table I (The means and standard deviations in this 
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and subsequent tables, and the coefficients of correlation of Table III, were 
obtained by treatmg the data as individual ungrouped items ) The more 
unportant frequency distributions of the measurements are shown in the 
Appendix 


Table I Physical and radiological characteristics 
OF THF sixty-six NORMAL MALLS 


Characteriatio 


Aged 39 Aged 40 Signifioanoe 

and under and over of difference 

(39aubject8) (27HubjectH) between 

Mean Mean moans* 


All ages 
Mean s d f 


t 


Age last birthday (years) 31 7 47 8 

Standing height (in) 66 1 66 6 

Stem height (m) 36 3 34 6 

Weight (lb) 139 7 146 3 

Surface area (sq m) 170 173 

Normal total basal calones 161U 1670 

per day (tens) 

Clieet oiroumforenoe (m ) 30 0 36 8 

Chest Qiroumference ex 2 03 1 81 

pansion (in) 

Area of lung fields (sq m ) 94 4 91 8 

Radiological chest volume 793 816 

(ou in) 

Radiological chest height/width 87 6 89 0 

xlOO 


— 38 3 

10 66 8 

2 1 36 0 

12 142 0 

10 1 71 

I 3 1590 

1 4 36 3 

16 1 94 


1 2 93 3 

0 9 803 

0 7 88 2 


9 6 26 1 

23 36 

13 38 

188 132 

0 13 7 6 

124 7 8 

23 6 3 

0 68 29 9 

8 9 96 

109 13 6 

8 8 94 


* Ratio of difference between meana of the two ago groups standard error of difference 
t Standard deviation J Coefficient of vanation (percentage) 

For statistical terininologv see Hill (1937) 


The mean age, 38 3 years, and the age distnbution mdicate that the 
sample is representative of the span of working life The moan height, 
weight, surface area and chest circumferential expansion are lower than 
would be expected m population groups m certam other parts of Great 
Bntain, these differences being probably due to the Welsh racial 
charactenstics 

The commonly observed effects of increasmg age are seen Thus weight 
appears to mcrease and height slightly to decrease Chest circumferential 
expansion also decreases, an observation m accordance with a common 
chnical impression It must be emphasized, however, that age differences 
of these and of the other physical and radiologioal measurements are all 
slight, and that in only one instance—stem height—is the difference more 
than twice the standard error of the difference 
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4 Results of determiijation of lung volume 

In the general presentation of these results we have followed the 
arrangement adopted by the Rochester workers, whose papers are 
exemplary m their statistical completeness 
In Table 11 are set out the values of the lung volume and its sub¬ 
divisions Complete estimations were possible m sixty-four of the sixty-six 
normal subjects In the other two, determmation of functional residual 
au” was impossible owmg to inability to co-operate sufficiently, although 
the vital capacity was satisfactorily recorded and is therefore mcluded m 
the table We shall subsequently discuss these results m comparison with 
the results obtained by previous workers, but in the meantime it may be 
noted that in general our mean absolute values of total lung volume and 


Table II Determination ok lung volume subdivisions 

IN SIXTY-FOUR NORMAL MALES 



Aged 39 

Aged 40 

Significance 





and under 

and over 

of difference 


All ages 


Lung volume 
BubdiviHion 

(38 subjects) (26 subjects) 
Mean Mean 

between 



means 

Mean 

SD 

c v 


Absolute values (litres) 




Total lung volume 

6 51 

5 28 

1 1 

6 42 

0 84 

16 6 

Vital capacity 

3 98* 

3 64t 

3 1 

3 80J 

0 66 

14 5 

Reserve air 

1 39 

1 22 

23 

1 32 

0 30 

22 9 

Functional residual air 2 92 

2 92 

00 

2 92 

0 60 

20 6 

Residual air 

1 52 

1 70 

16 

1 69 

0 60 

31 6 


Relative values (percentage of total lung volume) 



Total lung volume 

100 0 

100 0 

— 

100 0 


— 

Vital capacity 

72 9§ 

68 3§ 

— 

71 0§ 

— 

— 

Reserve air 

25 4 

23 4 

1 5 

24 6 

66 

22 4 

Functional resiilual 

air 52 6 

55 3 

1 7 

63 7 

63 

11 7 

Residual air 

27 1 

31 7 

27 

29 0 

66 

22 8 


Relative values (percentage of vital capacity) 



Total lung volume 

— 

— 

— 

— 

— 

_ 

Vital capacity 

100 0 

100 0 

— 

1000 

__ 

— 

Reserve air 

36 1 

34 6 

03 

34 9 

70 

20 1 

Functional residual 

air 

— 

— 

— 

— 

_ 

Residual air 

- 

- 

- 

- 

- 

- 

* Thirty tune subjects 
t Twenty seven subjects 







t Sixty SIX subjects for sixty four subjects the figure ih 3 81 
; Obtained by subtracting residual air from 100 
For other explanatory notes, see footnote to Table I 
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vital capacity are lower than those of most of the previous senes of normal 
males, and that this is probably largely the result of the small stature of 
the present subjects 

All the tabulated absolute values show large coefficients of vanation, 
probably due, to a great extent, to vanations of individual build On 
account of these wide vanations previous workers have preferred the use 
of rdative values for purposes of comparison, i e total lung volume and 
vital capacity in terms of some physical and radiological measurement 
(see later, § 6 ), and the remaining subdivisions (residual air, reserve air, etc ) 
expressed as percentages of the total lung volume or vital capacity It 
will be noted that the coefficients of vanation for functional residual air 
and residual air in the present series are considerably reduced by this 
procedure, making these relative values more useful for companson of 
pathological lung conditions with the normal 

The mam differences between subjects over and under 40 years of age 
are decreases m the total lung volume and in vital capacity, by 0 23 and 
0 441 respectively, a decrease m the absolute and relative values of 
reserve air, and an increase m the relative values of functional residual 
air and residual air The differences m absolute vital capacity and relative 
residual air are about three times their standard errors and therefore 
highly sigmficant, the difference in absolute reserve air is about twice its 
standard error and is therefore just significant, while, since the other 
differences are less than twice their standard errors, they are no more than 
suggestive 

These changes, which are similar to those descnbed by Kaltreider, Fray 
and Hyde ( 1937 , 1938 ), could be accounted for by 

(o) alterations in the shape of the spine and thoracic cage with age, 

(b) the latent development of emphysematous changes in the lung 
itself, and 

(c) differences in the mean height of the two age groups 

Studies on disease have shown that m emphysema particularly there 
occur characteristic changes m the functional residual air and residual air 
percentages In a case of emphysema that is recognizable chmcally the 
upward shift in these values is very gross, as, for example 

Relative value (percentage 
of total lung volume) 

Normal Emphysema 

Functional residual air 54 70 

Residual air 29 60 
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It seems probable that shifts in these relative values of lung volume 
subdivisions will reveal the presence of emphysema at an earlier stage than 
will any other known method Conversely, since there is no other method 
of diagnosing early or latent emphysema, it may be expected that a few 
such cases will be encountered in any survey of the adult mde popu¬ 
lation at all ages It will be noted from the Appendix that two such 
possible cases have been included, one with a functional residual air of 
70 % and the other with a residual air of 46 % Although both these values 
are more than twice the standard deviation from the correspondmg means, 
they are not excluded from the present senes smce they satisfied the 
cntena of normahty already given, and since no precise dividmg Ime 
between normal and abnormal ranges of values is at present available 


6 COKEELATION OF TOTAL LUNG VOLUME AND VITAL CAPACITY 
WITH PHYSICAL AND RADIOLOGICAL MEASUREMENTS 

In considering the absolute values for the lung volume and its sub¬ 
divisions it was shown that the figures obtamed have a wide vanation, 
and it IS therefore difficult to use directly these values m a survey of the 
alterations produced by disease The only figures m the precedmg section 
which are of real practical importance in this connexion are the relative 
percentage values of residual and functional residual air The vital capacity 
may also be given as a percentage of the total lung volume, but this 
percentage is merely the converse of the relative residual air Both the 
vital capacity and the total lung volume are, however, more usefully 
expressed as a percentage of their normal values as predicted from 
independent physical or radiological measurements Following the 
Rochester workers, we have studied the degrees of correlation of the total 
lung volume and the vital capacity with certain readily obtamable measure¬ 
ments made on the same normal subjects Where high degrees of corre¬ 
lation were obtained regression equations suitable for the prediction of 
normal values have been calculated by the usual methods (see Hill 1937) 
The correlation coefficients obtamed are summanzed in Table III 
Attention may be drawn to the followmg points 

(1) High and significant correlation coefficients are found between total 
lung volume and standmg height, stem height, surface area, normal total 
basal calories per day, area of lung fields and radiological chest volume, 
the last-mentioned coeffitient bemg outstandmg (0 80) A lower degree of 
correlation is found between total lung volume and both chest circum- 
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ference and body weight, while there is no significant correlation between 
this volume and either chest expansion or the chest height/width index 
( 2 ) The correlations for vital capacity are broadly similar to those for 
total lung volume, except that the radiological chest volume is somewhat 
less correlated than is either standmg or stem height or surface area, the 
coefficient for stem height being the best (0 78) It is interestmg to note the 
smaller significance ot the correlation between chest expansion and vital 
capacity (2 3 x standard error) than that obtammg with the actual 
circumference (4 3 x standard error) The absence of relationship between 
vital capacity and the index for shape of chest is also interestmg, being 
contrary to the popular view that the broad muscular or hypersthemc 
chest IS c»soGiated with a large vital capacity 


Table III Coreelation coefficients between physical and radio¬ 
logical CHARACTERISTICS OF NORMAL MALES AND (l) TOTAL LUNG VOLDMB, 
(U) VITAL CAPACITY 


(i) Correlation with (ii) Correlation with 
total lung volume vital capacity 
Characteristics (64 subjects) (66 subjMts) 


Standmg height -I- 0 66 

Stem height -I- 0 66 

Weight -1-0 65 

Surface area -I- 0 64 

Normal total basal calories per day 0 63 

Chest circumference -I- 0 63 

Chest oireumfeionce expansion +0 14 

Area of lung fields -f 0 66 

Radiological chest volume •+• 0 80 

Radiological chest height/width x 100 +011 


+ 0 70 
+ 0 78 
+ 0 67 
+ 0 67 
+ 0 73 
+ 061 
+ 0 28 
+ 0 69 
+ 0 63 
-0 14 


When a sample of snse n is drawn from a bivariate universe with zero correlation 
the standard error of an observed correlation will be l/(n— 1)* =apj)roximatoly 0 12 
m the present case 


From consideration of these correlations, therefore, a number of physical 
and radiological measurements m the present senes of normal males suggest 
themselves for the basis of prediction formulae both for normal total lung 
volume and for normal vital capacity The choice was narrowed down by 
the foUowmg additional considerations 

(1) Normal total basal calones per day offers no advantage over the 
surface area, and, furthermore, it is not a measurement m general use 

(2) Chest circumference is mdirectly taken mto account by the radio¬ 
logical chest volume, while area of lung fields is actually used in the 
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computation of the latter Furthermore, in the present senes radiological 
chest volume is more highly correlated with total lung volume and vital 
capacity than are either of these other measurements 

(3) A multiple correlation calculated between standing height and 
weight on the one hand and total lung volume on the ot^er hand 
{R — +0 Q9) shows only a slight increase over the simple correlation 
coefficient for height alone (+ 0 66), which latter is itself greater than that 
for weight alone (+ 0 66) Similar considerations hold for multiple corre¬ 
lations between standmg height and weight and vital capacity (i? = + 0 72) 
m comparison with the coefficients for height ( + 0 70) and for weight 
(-1-0 67) alone The reason for the lack of usefulness of these multiple 
correlations is that the two independent variables, height and weight, are 
moderately well correlated with one another (r - +0 60) 

(4) Surface area (another method of takmg into account both height and 
weight) 18 no more highly correlated with total lung volume and vital 
capacity than is standing height 

There thus remam three measurements to lie considered as a basis for 
prediction formulae for total lung volume and vital capacity, namely, 
standmg height, stem height and radiological chest volume 

In order to determme whether standing height and radiological chest 
volume could be usefully combmed, these vanables were correlated with 
one another (r = -)- 0 66) A multiple correlation was then calculated 
between standing height and radiological chest volume on the one hand 
and total lung volume on the other The resulting multiple correlation 
coefficient (-l- 0 S2) is hardly higher than the simple coefficient for radio¬ 
logical chest volume alone (-f 0 80), which latter is itself greater than that 
for standmg height alone (-f 0 66) A similar multiple correlation was 
made between standing height and ra<hologioal chest volume and vital 
capacity The coefficient (-f- 0 73) is only slightly larger than the simple 
coefficient for standmg height alone (+ 0 70), this latter being itself greater 
than the coefficient for radiological chest volume alone ( -I- 0 63) It 
appears, therefore, that a regression formula based upon a combmation 
of height and radiological chest volume is unlikely to be of sufficient value 
for predictmg either normal total lung volume or normal vital capacity 
to justify the rather more comphcated calculations required 

In Table IV the regression equations separately relatmg standmg height, 
stem height and radiological chest volume with total lung volume and 
vital capacity are shown, and in fig 1 the mdividual pomts aie graphed 
to show their scatter about the regression Imes 

From the foregomg considerations it would seem that the best measure- 
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merit for predictmg normal total lung volume le the radiological chest 
volume, and for predictmg normal vital capacity is either the standing or 
the stem height 

Table IV Constants {p,q) m regekssion equations (y = px->rq) 

RELATING CERTAIN PHYSICAL AND RADIOLOGICAL CHARACTEIRISTICS 
OF NORMAL MALES AND (l) TOTAL LUNG VOLUME, (u) VITAL CAPACITY 
(DERIVED FROM TABLES I-Hl) 


(i) Total lung volume (in litres) ( y) 
(Standard deviation of y = 0 84 1 ) 


» 

P 

? 

SB* (litres) 

Standing height (in in ) 

0 240 

-10 42 

0 63 

Stem height (m m ) 

0 417 

- 9 17 

0 63 

Radiological chest volume (in ou in ) 

0 00616 

+ 0 48 

0 60 

(ii) Vital capacity (in litres) (y) 




(Standard deviation of j/ = 0 

661 ) 



Standing height (in in ) 

0 169 

- 7 34 

0 39 

Stem height (m m ) 

0 324 

- 7 62 

0 36 

Radiological chest volume (m cu in ) 

0 00318 

+ 1 26 

0 43 


• Standard error of ostimato of y, for comparison with its standard deviation 


The predicted normal value for total lung volume for each member of 
the present senes of normal males was calculated by means of the regression 
formula relating total lung volume with rathological chest volume 
(Table IV), and the value actually observed was then expressed as a 
percentage of its predicted normal value A similar procedure was followed 
for vital capacity, using the regression equation relating the latter with 
stem height In this way two senes of relative percentage values, one of 
total lung volume and the other of vital capacity, were denved The 
results of this procedure are tabulated (Table V), and their frequency 
distnbutions are given in the Appendix The mean of these relative values 
for the whole age group should clearly approximate to 100%, though 
both vital capacity and total lung volume tend to dimmish with increasmg 
age, as was noted with the absolute values Clearly, these age differences 
must be borne m mmd in companson with pathological conditions 
Even though the coefficients of vanation of these relative values are 
reduced m companson with the vanations of the means of the absolute 
total limg volume and vital capacity, the considerable scatter remaming 
(see fig 1) makes the use of the prediction formulae of very limited value 
for estimatmg the normahty or abnormahty of the observed findings m an 
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*7tdtv%dual case On the other hand, the mean and daatnbution of the relative 
values of a normal group may afford a useful comparison with corresponding 
values m groups of abnormal subjects 


Table V Relativb values of total luno volume and vtiul oafaoity, 

BXFBESSSD AS FEBOENTAOE OF FBBDIOTBD NOBMAL VALUES''' 


Aged 39 Aged 40 

and under and over All agea 


Mean s D 


Mean s D Mean so o v 


Total lung volume 102 S (38) 8 0 06 4 (26) 8 2 100 0 (64) 

Vital capacity 102 0 (30) 10 1 06 4 (27) 8 4 00 7 (66) 


02 

00 


* Normal values for total lung volume are predicted from the regression equation 
relating this variable to radiological chest volume Normal values for vital capacity 
are predicted from the regression equation relatmg this variable to stem height (see 
Table IV) 

Bracketed %ure8 show number of oases 

For other explanatory notes, see footnote to Table I 


Unless, however, the distribution of radiological chest volume or height 
of these abnormal groups differs from that of the normal groups, relative 
values of vital capacity or of total lung volume offer, of course, little 
advantage for comparison over the absolute values 


6 The effects op obesity upon the lung volume 

AND ITS SUBDIVISIONS 

At an early stage of the work it was noted that obese subjects tended 
to give low reserve air values For the purpose of further mvestigation, 
all subjects were classed, by olimcal assessment of the amount of sub¬ 
cutaneous adipose tissue, into obese and non-obese groups The physical 
and radiological characteristics and lung volume determinations of these 
two groups are shown in Table VI 

As might be expected, the mean age, weight and surface area of the 
obese group are increased, while the height is not different from that of 
the non-obese Furthermore, the radiological chest volume is greater, and 
the chest height/width ratio smaller, than in the non-obese 

When age is allowed for, by use of expected means, the absolute total 
lung volume and vital capacity are slightly greater m the obese group 
Smoe, as has already been pomted out, the normal total lung volume is 
closely correlated with the radiological chest volume, allowance for 
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Table VI Cobipabison of (a) physical and badiolooioal ohabao- 

THBISTI08 AND (6) LUNG VOLUME DBTEBMINATION8, IN OBESE AND 
NON-OBESB MKMBKB8 OF THE GROUP OP NORMAL MALES 


(a) Physical and radiological characteristics 
Non obese 
(40 subjects) 

Observed 
mean 


Charaotenstio 
Age last birthdayt (years) 

Sttmdmg height (m ) 

Stem height (m) 

Weight (lb) 

Surface area (sq m ) 

Radiological chest volume (cu m ) 
Radiological chest hoight/width x 100 


Obese (17 subjects) 

Observed Expected 
mean mean 


65 8 
35 0 
135 0 
1 68 
787 
002 


(6) Lung volume determinations 
Non obese 
(47 subjects) 


05 7 
34 0 
136 6 


Obese (17 subjects) 


Observed 

mean 


Lung volume subdivision 
Absolute values (litres) 

Total lung v olume 5 33 

Vital capacity 3 78t 

Relative values (percentage of predicted normal values§) 


Observetl 

mean 


Total lung volume 
Vital capacity 00 Oj: 

Relative values (percentage of total lung volume) 


54 5 
28 0 

Relative values (percentage of vital capacity) 
Reserve air 37 0 


00 1 
101 7 

10 7 
61 4 
31 6 


Expected* 

mean 

6 27 
3 63 

08 6 
96 1 

26 3 
66 2 
20 0 


* Expected for a non obese population of sunilar age distribution (Based upon 
the means of different ages (20-20, 30-30, 40-64 years) m the non obese group, and 
the numbers at the same ages m the obese group ) 

t Range of age m the obese group 30-62 years, and m the non obese group 
19-63 years 

% Forty nme subjects 

§ Predicted from regression equations relating total lung volume to radiological 
chest volume, and vital capacity to stem height (see Table IV). 


vemations m the latter should reduce the differences m the total lung 
volume m the two groups Indeed, these differences practically disappear 
when the total lung volume is expressed as a percentage of its normal 
value, predicted from the radiological chest volume When, similarly, vital 
capacity is expressed as a percentage of its normal value predicted from 
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stem height, the ehght difference in its value between the obese and non* 
obese groups remains smce the height m the two groups is the same This 
latter difference is possibly accounted for by a slight partial correlation 
existmg between vital capacity and weight when the mfluence of radio¬ 
logical chest volume is excluded • 

The most mterestmg pomts m the table are that the obese group has a 
substantially decreased relative reserve air (expressed as percentage of total 
lung volume) and a decreased relative functional residual air, while, when 
age differences are allowed for, the relative residual air is almost the same 
The deduction is that the loss m the reserve air corresponds to a gam m 
the complementary air this is conhrmed by the substantially lower 
relative value for the reserve air of the obese group when expressed as per¬ 
centage of the vital capacity 

Hurtado and Fray (1933 a) pomted out an association between the 
radiological chest height/width ratio and the (absolute) reserve air m their 
normal subjects, finding a sigmficant correlation coefficient of +0 41 
(probable error 0 08) In the present senes (obese and non-obese together) 
a just sigmficant correlation coefficient of +0 28 (standard error 0 12 ) 
was also found between these two vanables Smce, as shown m Table V, 
the obese group has, on the average, a lower chest height/width index than 
the non-obese, it is possible that part of the differences m reserve air noted 
are due to the coincident differences m the radiological shape of the chest 

7 Discussion 

(a) Compar%3on mth results of 'prevwus ivorkers 

( 1 ) Lung vdume determ%nat%ons While the Uterature on the vital capacity 
of normal males is large, few previous investigators, besides Hurtado and 
his co-workers, have made complete estimations of the total lung volume, 
together with its subdivisions, m the same senes of persons For purposes 
of comparison with the present series the results of these mvestigators are 
set out m Table VII, A and B Both senes of males studied by Hurtado 
and his collaborators, one composed of young adults (aged 18-30 years), 
and the other of older subjects (aged 38-63 years), are shown, the majonty 
of their figures being those recalculated in their 1938 paper, taking into 
account a correction for mtrogen diffusion from the blood The figures of 
“other authors” are those collected by the Rochester workers from the 
papers of Anthony, Binger, Lundsgwd and Van Slyke, and Lundsgaard 
and Sohierbeck Previous figures for females are also mcluded as a matter 
of general mterest, though these are not discussed here. 
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The most important fact to be kept m mmd m companng these various 
results is the small stature of the subjects m the present senes The 
following pomts arising from vanations m techmque and choice of subjects 
must also be considered 

(1) Although we have pomted out the possibility of error m the Christie 
techmque at values of functional residual air of over 3 61 , it would appear 
that the determmations of Hurtado and his co-workers have not been 
appreciably mfluenced by this source of difficulty 

(2) Previous authors, other than the Rochester workers, measured the 
mid-capacity (functional residual air) from the mid tidal air level instead 
of from the restmg respiratory level 

( 3 ) Hurtado’s X ray films were obtained at a distance ol 6 ft, while 
those m our senes were taken at ft This would increase the area of the 
lung fields in our films by approximately 4 % above that m 0 ft films 

( 4 ) The recumbent position m which Hurtado’s determmations were 
made lowers the total lung volume by 9 - 10 % on the average (Hurtado 
and Pray 19336, Kaltreidor, Pray and Hyde 1938), and also produces a 
considerable shift m the restmg respiratory level, with an increase in the 
complementary air and a decrease m functional residual air The recumbent 
position also lowers the radiological chest volume by about 8 % 

(6) The two series of males studied by Hurtado and his co-workers 
were taken from different portions of the population The subjects of the 
younger senes were college students, while those of the older group were 
mamly artisans The difference m the height of the two series —2 3 m —is 
probably greater than can be accounted for by age, while the similanty 
m the weight, bearing in mmd the difference of age, also suggests lack of 
homogeneity from one group to the other 

The small stature of the present senes is shown by companng the first 
two columns of Table VII Correspondmgly the absolute values of the 
total lung volume and vital capacity are smaller than those of both senes 
of males mvestigated m the sitting posture by Hurtado and his co-workers, 
and are also smaller than those given for males m a similar posture by 
other authors When the present relative values of the lung volume sub¬ 
divisions are compared with those given for the sittmg posture by Hurtado 
and his collaborators and by other workers, a fair degree of similanty is seen 
on the other hand, when the companson is made with the recumbent 
senes of the Rochester workers, considerable differences are shown 

It thus appears that the differences m the lung volume determmations 
m these vanous senes can to a large extent be accounted for by vanations 
m stature and posture 
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values (btres) 



B«lative values (peroratage of total lung volume) 
Vital capacity 710 80 
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t Sixty-six subjects. 

{ Functional residual air plus half tidal au- 
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(ii) Corrdattona of total lung volume and Vital capacity with physical and 
radiological measurements Few previous workers have related total lung 
volume to body measurements in order to obtam formulae for predicting 
normal values in the individual Lundsgaard and Van Slyke ( 1918 ) 
considered that total lung volume could be expressed as a simple function 
of the chest volume measured externally Hurtado and his co-workers, in 
their more extensive survey, were, however, unable to confirm this findmg 
The latter workers were apparently the first to mclude radiological 
measurements among the characteristics mvestigated Since, as we have 
done, they used the same subjects as a basis for ascertaimng the relation¬ 
ship to various physical and radiological measurements both of vital 
capacity and of total lung volume, it is convement to discuss all their 
correlations together (i e those of vital capacity as well as those of total 
lung volume) in comparison with ours, and then to consider the previous 
large hterature upon the prediction of vital capacity alone 

The present correlations, both of total lung volume and of vital capacity, 
agree with those of the two senes of males studied by the Rochester 
workers, except in the followmg points (see Table VII c) 

(1) Our correlations, both of vital capacity and of total lung volume, 
with weight, surface area and chest circumferent'e are all highly or 
moderately sigmficant 

(2) The highest of all our correlations is that between radiological chest 
volume and total lung volume (-t- 0 80) While this was also the case m 
the senes of older males of Hurtado and his co-workers ( -I- 0 86 ), in their 
younger senes the radiological chest volume was somewhat more highly 
correlated with vital capacity (-1-0 72) than with total lung volume 
(-1-061) 

(3) Our highest correlation for vital capacity is that with stem height 
(-fO 78), while standing height gives a somewhat higher degree of corre¬ 
lation with vital capacity (-(- 0 70) than was obtained by Hurtado and his 
co-workers in their two series (-f 0 66 and -t- 0 64) 

It IS interestmg to note that Hurtado and his co-workers obtained, m 
general, higher correlations between radiological and physical measure¬ 
ments and the total lung volume and ntal capacity in their older group of 
males than in their younger senes 

From their correlation coefficients Hurtado and his co-workers concluded 
that the radiological chest volume surpassed any external measurement 
both for predictmg normal total lung volume and normal vital capacity 
We are m agreement with these workers as regards total lung volume, but 
not as regards vital capacity, smce the present results suggest that for 



The. lung volume and its subdivisions in normal males 621 

predicting normal vital capacity the ordinary physical characteristics, 
standmg or stem height, may be more valuable than are radiological 
measurements, while surface area also would appear to be satisfactory for 
this purpose In this connexion it may be noted, m the Rochester senes, 
that although vital capacity was less correlated with standing height than 
it was with radiological chest volume, it showed quite a substantial 
correlation with the former vanable, though the authors do not stress this 
point vital capewjity wew not, however, well correlated with surface area 

For predictmg the normal vital capacity in their senes of young adult 
males, tlie formula used by Hurtado and his co-workers was the Imear 
regression equation connectmg vital capacity and radiological chest volume 
The prediction formula for normal total lung volume was not separately 
denved, but was based upon their mean ratio of total lung volume to vital 
capacity, the predicted normal vital capacity m each case being multiphed 
by this constant Hurtado and his co-workers thus denved this formula 
for relatmg total lung volume to radiological chest volume indirectly, and 
it 18, therefore, not stnctly comparable with our regression equation, which 
was obtamed directly 

In their senes of older males the Rochester workers (Kaltreider, Pray 
and Hyde 1938 ) proceeded m the opposite manner, obtaining the prediction 
formula for normal total lung volume directly from the regression equation 
connectmg total lung volume with radiological chest volume, and obtammg 
the prediction formula for normal vital capacity indirectly, by use of the 
mean ratio of vital capacity to total lung volume This formula for pre¬ 
dictmg normal total lung volume would, therefore, be more comparable 
with our regression equation for relatmg total lung volume to radiological 
chest volume were it not for the difference in age distribution of the 
subjects from which it was denved (Hurtado and his co-workers also 
give an alternative formula for predicting normal vital capacity, which 
was obtamed (hrectly ) 

Havmg compared our correlations of total lung volume and vital 
capacity with those of the Rochester workers, it remains bnefly to consider 
our vital capacity correlations in the hght of earlier investigations mto this 
part of the subject In contrast to the extreme paucity of work upon total 
lung volume m relation to body measurements m normal males, the 
literature upon vital capacity is large, and only some of the more 
representative papers will be quoted, attention bemg paid to two pomts 
first, the physical measurements found to be most closely related to vital 
captmity, and, second, the nature of this relationship (For the mam 
hterature the reader is referred to Myers ( 1925 ) and Mononeff ( 1934 ) ) 
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In his classical work Hutchinson (1846) provided evidence that vital capacity 
could be expressed as a sunple function of standing height, the volume of air increasing 
regularly with the latter He stated that 8 extra cu m of air at 60“ S' were expelled 
for each extra moh of height between S and 6 ft The relationship with weight was 
found to be less uniform, while none was noted with chest circumference 

Dreyer (1919 ) wm unable to support Hutchinson’s view of a simple Imear relation¬ 
ship between vital capacity and height He advocated separate prediction formulae 
of the form, y = aaf‘, where a and h are constants, for height (stem preferred to 
standing height), weight and chest circumference, these, however, resolved mto a 
simple relationship of the form, y=ax, when surface area was the mdependent 
variable West (1920) also expressed vital capcunty as a Linear function of surface 
area, giving the formula, y (litres)=2 5x (square metres) He believed that this 
combination of height and weight offered the best basis for prediction, and that 
height itself was the next best measurement 

Cnpps, Greenwood and Newbold (1923), m an extensive study of 060 Royal Air 
Force candidates passed as fit, exammed a variety of possible relationships between 
vital capacity eund standmg height, stem height, weight, chest circumference and age 
They concluded that multiple Imear regression equations involving several of these 
mdependent variables were a rather better method of predicting normal vital 
capacity than were Dreyer’s formulae However, even when four mdependent 
variables (standmg height, stem height, weight and chest circumference) were 
combmed, the multiple correlation with vital capacity (+ 0 64) was only httle higher 
than the highest of the simple correlation coefficients The latter were, in descending 
order of magmtude, 4-0 60 (standing height), -t-0 64 (stem height), 4-0 49 (weight) 
and 4- 0 30 (chest circumference) The finding that height was the best of these 
simple correlations was m agreement with Hutchinson’s finding of a linear relation¬ 
ship between vital capacity and this variable The authors pointed out a further 
similarity m that their formula relating standing height to vital capacity gave a 
figure of 8 87 cu m , correspondmg to Hutchinson’s figure of 8 ou m (see also 
Cnpps 1924) 

Prom the above and other hterature consulted, height (standing or 
stem) appears to be the most favoured external physical measurement for 
predictmg normal vital capacity Surface area is a close second, while 
weight and chest circumference are less satisfactory With these con¬ 
clusions the present investigation is m complete agreement While stem 
height has here been chosen for later comparison with pathological cases, 
because the value of its correlation was higher m this senes than was that 
of standmg height, the drSerence between the two is not significant It may 
be noted that our formula relatmg standing height to vital capacity 
gives a constant of 10 3 cu m , correspondmg to Cnpps, Greenwood and 
Newbold’s 8 9 cu m , and to Hutchinson’s 8 cu m 

(6) Applicabtlity of lung volume determtneUtona 

It IS to be noted that the present results have been worked out on a 
selected population of small stature Consequently, the standards obtamed 
are not necessarily apphcable outside the range of physical measurements 
covered by this group 
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Generally speaking, the wide scatter of the absolute values of lung 
volume determinations detracts from then* usefulness m the mdividual 
Even by the use of values relative to the total lung volume or to a normal 
value predicted from certam physical and radiological measurements, the 
reduction m scatter is msufficient to make individual results valuable 
except when the deviations are marked On an adequate number of 
pathological cases, however, statistical analysis of absolute and relative 
values, particularly the latter, should be of use for comparison with normal 
controls It is important that the physical characteristics of such patho¬ 
logical cases should he within the range covered by the controls Since 
the most suitable measurements for predicting normal total lung volume 
and vital capacity are radiological chest volume and stem or standing 
height, respectively, it is to these characteristics that most attention 
should be paid 
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Summary 

1 Determinations of the total lung volume and its subdivisions have 
been made m the sittmg position m sixty-four men, aged 19-03 years, 
selected from normal members of a mmmg population m South Wales 
The more important physical and radiological measurements of the group 
are tabulated The estimation of lung volume was made by a modification 
of Christie’s method 

2 The findings of previous workers who observed a wide vanation in 
the absolute values of the total lung volume and its subdivisions have been 
confirmed This vanation takes plawe withm a narrower range if the 
subdivisions are expressed m percentages of the total lung volume 

3 In advancing age the total lung volume and vital capacity dimmish 
slightly, with an mcrease m the relative value of the residual air expressed 
as a percentage of the total lung volume 
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4 Correlation coefficients have been calculated between total lung 
volume and vital capacity, on the one hand, and various physical and 
radiological measurements, on the other The highest degrees of correlation 
m this senes are those existmg between total lung volume and “radiological 
chest volume” ( + 0 80), as measured by the method of Hurtado and his 
co-workers, and between vital capacity and stem height {-f 0 78) High 
or moderate degrees of correlation are, moreover, found with vanous 
common physical measurements, such as standing height and surface area 
From the statistical data regression formulae for the prediction of normal 
total lung volume and normal vital capacity m mdividual cases have been 
determmed The limitations of such formulae in the demonstration of 
abnormality are pomted out 

6 It has been found that obesity is associated with a considerable 
reduction m the value of the reserve air, with a corresponding gam in the 
complementary air Part of this association may be due to the broad or 
hypersthemc type of chest frequently found in obese subjects 
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equation reUtmg total lung xolume to radiological chest volume (see Table IV) 
equation rolatmg vital capacity to stem height (see Table IV) 
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Micrurgical studies on virus-mfected plants 

By F M L SHEiiTiKU) 

Rothamsted Expenmenlal Station, Harpenden 

{Communicated by R N Salaman, FR S —Received 25 August 1938) 
[Plates 28] 

Introduction 

Micromanipulative methods have been used very seldom for the study 
of plant cells chiefly because glass instruments which are the only ones 
available are usually either too brittle or too flexible to penetrate the tough 
cell walls A few plant cells (e g the stammal hairs of Tradeacantia) are 
suitable for micrurgical studies, but these are of little use for virus work 
Eleven different viruses were moculated mto each of three species of 
Tradeacantia without any mfections resultmg 

By the use of specially shaped needles it has been found possible to work 
with many of the cells of Solanaceous plants The cutmized hair cells of 
Solanum nodiflorum, which can rarely be penetrated through the side 
walls, can be successfully operated on if the protoplast is approached 
through the transverse septum For many operations these cells are 
particularly favourable, as diffusion of the mounting medium mto the cell 
18 very gradual, most of the large surface bemg protected by the thickened 
wall Livmgstone and Duggar ( 1934 ) have compared the virus content of 
different parts of the infected tobacco cell and of cells containing and cells 
devoid of mclusions In this paper vanous properties of infected cells, 
mcluding their virus content, will be descnbed 

Description 
The pH of the cdl contents 

Many determinations have been made by mdicators of the pH of the 
cell contents, but every method descnbed is open to the grave cnticism 
that it mvolves considerable injury to the cell and a lapse of time before 
any reading is obtamed Injury to the cell is known to mcrease the 
hydrogen-ion concentration A method suggested by Professor P 6 terfi, 
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although not entirely &©e from the posaibility of error, la the most accurate 
yet defined A httle dry mdicator is dropped on to a spot of vaselme, from 
which it IS picked up on the tip of a micro-needle The tissue to be exammed 
IS arranged m a hanging drop and the cell is punctured with the needle 
bearing the dye The mdicator dissolves at once in the cell sap and the 
colour 18 immediately noted Indicators which change their colour and 
not merely their depth of colour are used A possible source of error hes 
in the woundmg of the cell, but this error should not be great as the wound 
18 small and the readmg is taken very quickly 

Vanous tissues from healthy plants of Solatium nodiflorum, from the 
same species infected with auouba mosaic virus (Henderson Smith 1928), 
from healthy Hyoacyamua ntger and from H ntger infected with Hyos- 
cyamua virus 3 (Hamilton 1932) were examined The object was primarily 
to compare virus-free and virus-diseased tissue but the following results 
accrued 

(1) The pH of the contents of the hairs of the two species, in both 
healthy and diseased plants was approximately the same (pH 6 8) 

(2) The contents of the epidermis and the palisade tissue were m all 
cases slightly less acidic than the hair cells, the pH lying between 6 8 
and 7 2 

( 3 ) No differences were observed m the hydrogen-ion concentration 
between healthy and diseased plants m any type of cells 


The stability of the intracellular inclusions 

The amorphous inclusion bodies The vacuolated amoeboid mclusions of 
tobacco mosaic diseetse have been described as very fragile structures 
which break down on contact with the micro-needle but withstand con¬ 
siderable disturbance m the cytoplasm in their immediate vicmity (Livmg- 
stone and Duggar 1934) In aucuba mosaic disease, mclusions are produced 
by the gradual aggregation and fusion of minute particles which circulate 
m the cytoplasmic stream a few days after moculation (Sheffield 1931) 
These mclusions are similarly frail, very much more so than is the cell 
nucleus Shght mechamcal pressure on the outside of the cell destroys the 
mclusion immediately, although the cell may not be sufficiently crushed 
for any other mjury to be visible Puncturmg the mclusion with a very fine 
needle causes its immediate dismtegration The three pictures 1 o, 6 and c 
(Plate 28 ) were obtamed by workmg with a Leitz Makam camera attached to 
the microscope, the operations bemg watched through the side observation 
tube of the camera After the first picture (la) was taken the plate was 
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exchanged and the dark shde removed in readiness for a second exposure, 
so that fig 1 & could be taken with the shortest possible delay after the 
mclusion was punctured In the first photograph of the senes, the needle 
IS seen to have penetrated the transverse septum and to have passed well 
mto the vacuole The mclusion, not having been touched, is quite un¬ 
affected Then the inclusion body was punctured and the needle rapidly 
withdrawn 16 sec after the puncture the inclusion is seen to have changed 
its consistency and to have formed a mass of clear bubbles amongst which 
a few granules are visible (fig 16) These granules are morphologically 
similar to those which went to form the body After a further 10 mm the 
bubbles have disappeared and a few scattered granules only remain 
(fig 1 c) Figs 2 and 3 (Plate 28) are comparable to fig 16 showing stages in 
a similar disintegration following mjury of the inclusion body On mjury 
an mclusion may dismtegrate with the formation of a few granules without 
first formmg a vesicle If two inclusions are present m a cell and one only 
IS pierced, that one dismtegrates, the other remaining quite unchanged 

Despite their fragihty these inclusions can, if certam precautions are 
taken, be removed mtact from the cells containing them (fig 4, Plate 28) 
It IS necessary, besides selecting a coll which can be operated on whilst 
avoiding all mechanical pressure m the region of the mclusion, to use also a 
suitable mountmg medium 

The stability of the body m the mountmg medium seems to depend on 
the osmotic pressure Bodies were removed into solutions of NaCl, KCl 
or CaC4 of 0 01-0 1 M In a 0 1 M solution the body persists, at 0 07 M 
dismtegration is gradual, below 0 05 M it is very rapid 

The effect of the pH of the mountmg medium on the inclusions was also 
tested In a 0 01 M solution, they broke down at all degrees of acidity 
from 7 to 22 InaOlM solution the bodies remamed mtact over the 
same range of pH values The bodies thus appear to be almost unaffected 
over a wide range The only effect noticed was that m the more acid 
solutions the bodies withstand maltreatment more readily than m a neutral 
solution 

The facts that the stabihty of the body depends on the osmotic pressure 
of the medium contammg it and also that it often forms a vesicle on 
breakmg down, at first sight appear to be arguments m favour of the 
existence of a membrane around the inclusion Its mode of formation, its 
appearance and extreme fragihty do not suggest this 

Stnate. material Tobacco mosmc disease produces m infected cells, m 
addition to the amoeboid X-bodies, flat plate-hke crystals which were 
named stnate matenal because cross-stnations become visible under the 
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action of acidfl (Iwanowski 1903, Goldstein 1926) These striations are 
present always, being visible in polarized hght They are merely em¬ 
phasized by reducmg the pH value when the plate may actually break 
down mto long needle-hke fibres Beale (1937) has drawn attention to the 
morphological sinulanty between precipitated virus and the needles pro¬ 
duced from the stnate matenal 

Similar plate-like crystals are produced by the breakmg down of the 
large non-crystallme inclusions of aucuba mosaic disease Enation mosaic 
(Ainsworth 1937) produces m tomato X-bodies and stnate matenal 
visually mdistinguishable from those of tobacco mosaic The stnate 
matenal of tobacco mosaic and of enation mosaic have been exammed by 
micromampulative methods 

The application of slight mechanical pressure to the extenor of the cell 
in the vicimty of the plate results m its immediate breakdown into stna© 
Pncking with a micro-needle causes a similar formation of needle-hke 
fibres This is contrary to the results of Livingstone and Duggar (1934), 
who desonbe the formation of a granular mass on pncking 

Attempts were made to isolate these plate-like crystals The medium 
used was a 0 1 M solution of potassium phthalate buffered to a pH of 3 4 
In every case the plate broke down mto long needles on bemg removed 
from the cell In a few oases the crystal was taken from the cell completely 
surrounded by cytoplasm Then it remamed apparently mtact although 
its stnate structure was clearly visible (fig 5, Plate 28) Immediately an 
attempt was made to remove the cytoplasmic envelope the plate broke 
down mto fibres It is improbable that these crystals could be successfully 
isolated even m a less acid mountmg medium, as the drop m pH of the cell 
contents resultant on injury would probably cause the dismtegration of the 
plate before it reached the medium 

As the crystals could not be isolated it was impossible to test their virus 
content as was done in the case of the non-crystallme mclusions of aucuba 
mosaic disease 


Tlie. mrua content of the cell 

Smce mtracellular mclusions were first observed much discussion has 
arisen as to their ongin and nature They have been vanously descnbed as 
organisms causmg the disease and as mere symptoms of the disease 
producing them The demonstration of the mode of formation of the m- 
olusions of aucuba mosaic (Sheffield 1931) suggested that they are formed 
by the host cell as a response to the stimulation of the virus The question 
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still remained aa to whether the inclusions contain the virus, and if so, 
whether the virus is confined to the mclusions or whether it is also dis¬ 
persed throughout the cytoplasm 

It was mtended to pick up small pieces from different parts of the cell 
contents and to compare the amounts of virus present This mvolved 
havmg a ready test for the presence of minute quantities of virus it was 
imagmed that inoculation would provide such a test, but this soon proved 
totally inadequate It was then thought that the amounts injected were 
too small to contam the mimmal dose necessary to cause mfection But 
when quantities of virus certamly sufficient to produce the diseased con¬ 
dition, were injected by micro pipette directly into cells, in no case was 
more than one-tenth of the expected number of infections obtamed 
(Sheffield 1936) The inoculation test was therefore temporarily abandoned, 
and a serological test similar to that designed by Matsumoto (1935) was 
tned This too proved unsatisfactory In order to carry out such a test 
with minute quantities of antigen it was necessary to watch the reaction 
under dark-ground illumination whore it was found impossible to dis¬ 
tinguish with certamty between an antiserum-antigen precipitate and the 
various granules and globules of the cytoplasm A ring test was then 
tned m the micro-pipette, a drop of antiserum bemg picked up after the 
antigen The end of the pipette oontammg the nng was broken off and 
mounted No ring was visible by transmitted hght, and it was very 
difficult to make pipettes of the exact size to give a mount of the thickness 
necessary for dark-ground exammation It was then decided to abandon 
the finer expenments planned, to collect larger quantities of extracted 
matenal, and to inoculate these into leaves which would show local lesions 
Purified virus was to be used as a standard with which to compare the 
extracted matenal This method was apphed to Solanum nodiflorum in¬ 
fected with aucuba mosaic disease 

The virus content of the inclusions was firat examined It was essential 
first to determine the number of bodies necessary to give any appreciable 
number of lesions The figures of Bawden and Pine (1937) indicated that, 
if the companson were to be of any value, the dilution of virus should not 
be greater than 1 in 10® Assummg the inclusions to be sphencal and of 
average diameter 20/i or (2 x 10"®) cm , the volume of each would be 
4(10-8)8 c c For such an approximation, the specific gravity can be 
assumed to be 1 The weight of each mclusion is then 4(10-*) g If each 
mclusion contams as much virus proportionately as the fibres, then to 
obtam a 1 in 10* suspension it is necessary to suspend ten inclusions m 
4oc of liquid 
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To obtain a number of molusions of as uniform a size as possible they 
were taken always from the largest hairs and always from a cell m the same 
position in the hair For techmcal reasons the cell next to the basal one 
was chosen To remove a body a hair was selected in which the mclusion of 
the chosen cell lay near the base but preferably not actually on the 
cross-wall The whole hair was arranged m a hanging drop of 0 1 M 
potassium phthalate solution buffered to a pH of 3 4 The hair was held 
at the base by a large needle or by forceps so that it was flat against the 
cover-glass The hair was then divided into two pieces by a cut just below 
the top wall of the selected cell The upper part of the hair was pushed 
away and attention was confined to the portion held by the forceps This 
now consisted of a basal cell by which it was held and the cell from which 
the top wall was already cut and from which the inclusion was to be 
removed This was done either by exerting a very gentle pressure at the 
base of the cell or by replacing the cutting needle by a pipette and re¬ 
moving the body from the cell by suction The needles were then replaced 
by two pipettes both of sufficiently large diameter to admit the mclusion 
body and one of which contamed phthalate buffer solution The mclusion 
was then picked up m the empty pipette and placed on a clean part of the 
cover-glass It was washed several times by flooding with hquid from the 
one pipette and removing the liquid with the second Finally, fhe mclusion 
was picked up m the pipette which had supplied the liquid for washing and 
was dropped mto a tube contaimng a very small quantity of liquid 
Usually water was chosen, as m this medium the inclusions dismtegrate and 
the substance composmg them would presumably become evenly dispersed 
Until a sufficient number of mclusions was collected, the tube was stored 
m a refrigerator The suspension was then diluted to the desired extent, 
allowed to stand for some hours and then moculated by rubbing on to 
leaves of Nvcotxana glutinoaa 

For each of the first experiments ten mclusions were isolated, suspended 
m 4 c 0 of water and rubbed into the leaves A 1 m 10® solution of punfied 
aucuba mosaic virus was used as a standard for comparison, and a water 
control was also used This expenment was repeated four times, and the 
results are summarized m the first column of figures m Table I 

The second column of figures of this table shows the results of a similar 
but more detailed experiment, comparisons havmg been made at two 
different dilutions Twenty mclusions were isolated and suspended m 
1 0 0 0 water 0 3 o c of this suspension were diluted to 1 6 c o to give a 
concentration the same as that used m the previous experiments These 
two suspensions were used as moculum The standards for comparison 
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were a 2 x 10“'^ and a 10~® dilution of aucuba mosaic fibres A water 
control was also employed makmg a total of five different treatments 
Inoculations were made on randomized half-leaves of N gluhnosa, each 
treatment bemg rephoated twelve times 


Table I The ineeotivity of inolusion bodies 

INDUCED BY AUCUBA MOSAIC VIRUS 


Inoculum 


Water control 
Virus fibres (1 m 10*) 

„ (Im2xl0*) 

Inclusions (10 m 4 c 0 ) 

„ (lOmOScc) 


No of lesions 

60 leaves 12 half leaves 

0 0 

10 1 

— 4 

15 1 

— 7 


The figures obtained from such experiments must inevitably be very 
small It was the work of several days to uolate the ten bodies used in 
each of the first senes of experiments To obtain figures which could be 
subjected to statistical analysis, many hundreds of inclusions would need 
to be isolated The results obtamed indicate quite definitely that virus is 
present m these mclusions 

The lesions obtained were few in number, but none appeared in the 
water-moculated plants The numbers of lesions caused by the suspension 
of inclusions were in each case of the same order of size as those produced 
by the standard dilution of fibres with which the inclusions were com¬ 
pared, suggestmg that the inclusions contam a considerable proportion of 
virus 

A comparison was then made between the virus content of the inclusions 
and that of the cytoplasm of the cell Hair cells of uniform size in which 
the mclusion lay against the cross-wall were selected Either that half of 
each cell which contamed the mclusion or the half devoid of an mclusion 
was isolated When twenty of each had been collected, each set was sus¬ 
pended m 0 8 o c of water 0 15 c c of this suspension was later diluted 
to 0 7 0 0 As standards for comparison suspensions of aucuba mosaic 
fibres of concentration 1 m 10’ and 1 m 6 x 10’ were used and also a water 
control Inoculations were made on randomized half-leaves of N gltUtnoaa 
Each of the seven treatments was rephoated six times 

In those cells used m the first experiment the mclusions were recently 
formed. No appreciable difference was found between the virus content 



of the two halves (Table II) A fortnight later the experiment was repeated, 
using cells 2 weeks older than those used m the first senes The virus content 
of those parts of the cell devoid of molusions seemed to have decreased in 
comparison with that of the virus-oontainmg parts 


Table II Comparison or virus content of half cells containing 

INCLUSIONS with THAT OF THE REMAINING HALVES OF THE CELLS 


Dilutions 


Total nos of lesions per six half leaves 


Virus Half cells Water Virus 

Younger cells 

1 in 6 X 10’ 3 m 0 0 c c 0 1 

ImlO’ KSmOeoo 0 4 

0 6 

Older cells 

1 in 5 X 10’ 3 in 0 0 c c 0 2 

1 in 10’ IS in 0 0 c c 0 8 

0 10 


Half cells Half cells 

devoid of containing 

molusions molusions 


1 1 

3 6 

4 6 


0 1 

2 0 

2 7 


It would appear from these exi>enments that a relatively large quantity 
of virus 18 necessary to produce an infection The size of the virus particles 
IS not accurately known, but the amount required obviously represents a 
large number of particles As all our present methods of moculation are 
relatively crude no sigmficance can yet be attached to this Woodruff and 
Goodpasture (1929), when testmg the mfectivity of isolated molusions of 
fowl pox, obtained far fewer than the expected number of infections This 
failure was due to techmcal difficulties 

Previous results (Sheffield 1931, 1934) had suggested that the non- 
crystalline inclusions of aucuba and tobacco mosaic viruses “consisted of 
matenal precipitated or coagulated from the cell sap or cytoplasm due 
either to the action of the virus itself or to some substance or a change m 
physical conditions produced by unbalanced metabolism resultant on 
virus infection” The body of aucuba mosaic was conceived as consisting 
of tmy particles of altered cytoplasm which for purely mechamcal reasons 
became aggregated together The body was regarded as probably contam- 
ing some virus, as, if the latter were dispersed throughout the cytoplasm, 
It would be reasonable to expect some of it to be swept mto the body 
Results of these micrurgical studies necessitate a slight modification of 
this view The amorphous molusions of aucuba mosaic contam relatively 
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large amounts of virus But they are not homogeneous as ohondnosomes 
can be demonstrated within them (Sheffield 1933) The stability of the 
molusion over a wide range of values indicates that the virus they 
contam does not exist in the same state as that isolated m the test-tube 
(Bawden and Pine 1937) which has an isoelectnc pomt of 3 4 and is soluble 
at the pH of expressed sap The state of the virus withm the mclusion and 
the possible nature of the stnate matenal will be fully discussed elsewhere 
(Bawden and Sheffield 1939) 

I am greatly indebted to Professor T P6terfl of Copenhagen for much 
mvaluable advice in matters of techmque when this study was first com¬ 
menced 

I must also thank Mr W G Cochran of the Rothamsted Statistical 
Department for assistance m designmg some of the experiments and 
also my colleague, Mr P C Bawden, for kmdly supplymg the purified virus 
used 


Summary 

Cells of virus-infected plants were examined by micromam'pulative 
methods 

The pH of the cell contents was found to lie the same m diseased and m 
healthy plants 

The non-crystallme intracellular inclusions of aucuba mosaic disease of 
tomato dismtegrate immediately on slight mechamcal pressure or on 
pnckmg They are almost unaffected by acids from pH 7 to 2 2 They 
break down if the osmotic pressure is reduced below 0 07 M but can be 
isolated mto solutions of 0 1 M These inclusions contam virus but virus 
may also be dispersed through the cell 

The stnate matenal of tobacco and enation mosaics cannot be isolated, 
as immediately it is touched with a micro-needle it breaks down mto 
needle-hke fibres 
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Explanation of Plate 28 

The photographs wore taken with a Leitz Makam camera A Leitz 6L or a Leitz 
2 mm objective was used m combination with a Leitz 10 x penplonat ocular, giving 
magnifloations of x 450 or x 900 CorUaet prtnis have been reproduced lutth a slight 
reduction 

The micro instruments were controlled by a Jemse and P4terfl (Zeiss) micro- 
manipulator 

Fioa 1 0-0 Cell from hair of Solanum nodtjlorum infected with aucuba mosaic 
disease a A needle has been pushed through the transverse septum well mto the 
cell Deapite the mjury to the cell the moluaion body was quite unaffected ( x S83 ) 
h The molusion was punctured by the needle which was immediately withdrawn 
agam The body rapidly changed its consistency, forming a mass of clear bubbles 
m which a few granules were visible (x 883 ) (This photograph was taken about 
16 sec after the body was pricked) c After 10 min the molusion had almost 
disappeared, a few scattered granules only being visible (x 383 ) 

Fio 2 Similar to fig 16 About 30 seo after pricking, the molusion body had 
formed a smgle hyaline vesicle somewhat larger than itself Further dismtegration, 
as m fig 1 c, occurred later (x 383 ) 

Fio 3 Similar to fig 2 About 30 seo after mechanical mjury the inclusion had 
broken down mto a clear hyalme material on the surface of which were a number of 
granules Later the appearance of the cell was as m fig 1 c ( X 383 ) 

Fio 4 An mclusion body produced m S nodtflorum by aucuba mosaic virus was 
isolated from the cell This photograph was taken prior to washing the body ( x 705 ) 

Fio 6 Stnate material produced by enation mosaic virus m tobacco was excised 
fiom the cell The crystal formed needle like fibres which Ttere held together by an 
envelope of cytoplasm Directly this envelope was broken, the fibres separated 
(X 383 ) 
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The metabolism of the eggs of Psammechinus miliaria 
during the fertilization reaction 

By H Laske and Lobd Rothschild 
From the MoUeno InsMuie and Zoohgtcal Laboratory, Cambridge 

{Communicated by J Cray, FR 8 —Received 31 August 1938 ) 
Inteodtjction 

Most of the work on the effect of fertihzation on the metabolism of sea- 
urchin eggs has been concerned with the average rate of 0, consumption 
before and after activation Although observations of this type are of 
mterest, the changes which take place durmg the actual fertilization of the 
eggs are more mdicative of the mechanisms responsible for the initiation 
of development Techmoal difficulties have impeded experiments of this 
latter type Ewly workers (Warburg 1915) found it necessary to fertilize 
the eggs before the beginning of the experiment, or, after measunng the 0| 
consumption of unfertilized eggs, to open the manometer vessels to effect 
msemination The former method precludes any measurements during the 
fertilization reaction, and the latter involves a period of mampulation and 
consequent re-equilibration which exceeds the duration of the fertilization 
reaction When, therefore, it is stated that the 0 * consumption rate mcreases 
upon fertilization or parthenogenetic activation by some 200-400 %, what 
18 usually implied is that the 0 * consumption rate measured over a con¬ 
siderable penod of time after insemination is some 200 - 400 % more than 
the rate for a similar penod of time before msemmation 
Shearer (1922) was the first to realize the importance of measurements 
immediately after msemmation, 1 mm after msemmation he observed 
an mcrease m Og consumption which was not mamtamed at the original 
high level We have been unable to confirm Shearer’s results when using 
a similar method (see fig 2 ) In recent years further attempts have been 
made (e g Ruimstrbm 19336, Brook, Druckrey and Herken 1938) to make 
measurements immediately after fertihzation by having the sperm inside 
the manometer vessel before fertilization but separate from the eggs, at a 
given moment i^rm and eggs are mixed, but m these conditions, the 
shortest time mterval measured after msemmation was 10 mm (Runn- 
strdm), by which time the initial phase of the fertilization reaction is over. 

{ 689 ] 



640 


H Laser and Lord Rothschild 


There is a sudden evolution of CO, during the fertihzation reaction which 
18 mainly denved from the bicarbonate m the sea-water from which it is 
expelled by an acid difPusmg out of the eggs (Ashbel 1929, Bunnstrom 
1933a) All experimenters so far* have measured the 0 , consumption by 
absorbmg the CO, evolved with potash This method is satisfactory pro¬ 
vided (1) that the CO, equibbration has been effected, (2) that the rate of 
production of CO, is slow compared with its rate of absorption by the 
potash, and ( 3 ) that its rate of production is fairly steady Sudden changes 
m the rate and amount of CO, production, as occur when these eggs are 
activated, tend to obscure the real 0 , consumption Although various 
authors have measured the O, consumption immediately after fertilization, 
only Gray (unpubhshed), apparently, observed this effect m practice 
Although the capacity of the {lotash would be ample for the absorption of 
the increased CO, output, the limitations on shakmg rate imposed by 
dehcate cells such as sea-urchin eggs make it impossible to re-establish 
a steady state of CO, absorption in the requued time Therefore, the 
changes in respiration which occur at fertilization are unlikely to be 
detected either quantitatively or qualitatively by the use of this method 

The possibihty of measurmg the O, consumption by non-manometnc 
methods has been considered, but the quantities of 0, evolved by sus¬ 
pensions of eggs which are sufficiently dilute to satisfy the desired biological 
criteria and the extremely short duration of the measurements make it 
doubtful if these methods would be supenor to the manometnc ones 
described in this paper 

In order to find out what fraction of the total CO, evolved is denved 
from the respiration of the eggs and what fraction is denved from then- 
acid production, it is necessary to measure the R Q and respiration at the 
same time Bunnstrom has attempted to do this, using three vessels 
In the first, respiration was measured in the presence of potash, a pro¬ 
cedure which has been discussed above In the second and third vessels, 
no potash was present and the total CO, was determmed by tippmg m a 
strong acid at times 0 and t The vahdity of this method depends on the 
assumption that respiration in the first vessel, m the absence of CO, and 
with a reduced bicarbonate activity m the sea water, is similar to respiration 
m the presence of CO, and with no alteration m the bicarbonate activity 
(Runnstrom’s third vessel) The absence of bicarbonate appears to have a 
marked effect on the respiration of certam cells, respiration usually bemg 
higher when bicarbonate is present (Laser 1935, van Heynmgen 1935) 


* With the exception of Brook, Druckrey and Herken, see p C41 
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In order to measure the total COj produced, the ao-called “retention” 
of COg must be determmed This retention is due to the presence of the 
eggs themselves, to small partules of jelly or shaken oflF fertilization 
membranes and to morganic buffers in the sea water, causing some of the 
COg produced to be chemically bound as bicarbonate (Warburg 1931) The 
value of this retention can only be determined when the hquid phase is in 
equihbnum with a given COg tension m the gas phase If measurements are 
made of the retention of a medium containing bicarbonate such as sea 
water with oir m the gas phase (Runnstrom 19336), measurements mclude 
not only the retention but also to a certain extent the solubility of COgm 
sea water 

For these reasons it is preferable to measure the respiration of sea- 
urchin eggs in approximately normal sea water, 1 e containing bicarbonate, 
without absorbing COg, and when this sea water is m equilibrium with a 
gas phase of known composition containing COg So far only Brook and 
others have attempted this, using Warburg’s differential method, but with 
air m the gas phase Their paper appeared while this work was in progress 
They state that this technique is impossible to use because the eggs 
become damaged by the COg which is present We have been unable to 
confirm this observation 

In order to analyse the metabolism of the eggs dunng the fertihzation 
reaction, it is necessary to measure the R Q at very short time intervals 
It 18 evidently useless to take an average jiost-fertilization value for the 
R Q when the metabolism changes its whole nature 6 mm after fertili¬ 
zation A special technique has been evolved for this purpose When the 
Og consumption, total CO, production, R Q and retention have been 
evaluated, a picture of the metabohsm of the eggs during the fertilization 
reaction may be obtained 

Material 

Ripe unfertilized eggs of Psammechtnus miltarts were obtamed by 
placing the ovaries of about five npe females in a beaker of sea water, 
when the eggs diffuse out This suspiension was passed once through boltmg 
Bdk and was then washed 4-6 tunes in fresh sea water Eggs were fertilized 
m the expenments with mediumly dilute sperm suspensions No egg 
suspensions were used unless a sample showed 96 % fertilization before 
the expenment, and the eggs m all expenments descnbed m this paper 
showed 80-90 % cleavage at the end, or after being left for the requisite 
time The eggs were counted by a method similar to that of Shapiro (1935;, 
recently descnbed by one of us (Rothschild 1939) 
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Method 

Oeneral rmnometnc procedure All experiments were done at 20® C The 
shaking rate was 86-90 cycles mm The stroke was adjusted so that this 
rate did not damage the eggs After prolonged periods of shakmg, normal 
development with synchronous formation of the 8- and lO-stages occurred 
Before takmg the zero readmg, the vessels were equihbrated for 12 mm 
with the taps closed The metabolism of the unfertilized eggs was then 
measured for 16 min , sometimes at 6 mm mtervals, sometimes for one 
period of 15 mm After 15 min the sperm suspension was tipped from a 
side-bulb mto the egg suspension m the mam vessel Three subsequent 
readmgs were then taken at 5 mm mtervals, and later readmgs at 10 and 
15 mm mtervals 

Expertrnenta in the absence of COj Ordinary conical Barcroft-Warburg 
vessels of about 13-15 c c capacity were used, they contamed 3 0 c o egg 
suspension, 0 3 c c sperm suspension m the side bulb and 0 3 c o 10% 
KOH m the inner cup The latter also contamed a roll of filter paper 
(Watmann no 40) protruding 0 6 cm over the edge of the cup and 
“flowered” to mcrease the absorbent surface The gas space contamed 
air 

Experiments in the presence of CO, A modification of Warburg’s 
diflferential method (1925) was used 

Normally different volumes of flmd m two vessels of the same size are 
brought mto equilibnum with a gas contammg a given CO, tension The 
0, consumption over a given penod of time (ZO,) and the total CO, 
production (XCO,) are calculated accordmg to the formulae 

( 1 ) 


( 2 ) 


where h = readmgs of vessel with small volume of flmd, 

K!0, = CO, constant of vessel with small volume of fluid, 
kOf = 0, constant of vessel with small volume of fluid, 
H an readmgs of vessel with large volume of flmd, 
iTCO, =» CO, constant of vessel with large volume of fluid, 
^0, = 0, constant of vessel with large volume of flmd 


XO, 


h kCOt-H KCO^ 
jfcO, ifO, 


h kO,-H KO, 

. m, K 6 , ’ 

JfcCO, ifCO, 
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When working with cell suspensions it is preferable to fill the vessels with 
different amounts of the same suspension and not with the same amount 
of cell material m different amounts of fluid The addition of sperm in 
eqmvalent amounts to two vessels containing, for example, 6 0 c c 
(vessel I) and 1 0 o c (vessel II) of egg suspension led to difficulties, 
because if 0 3 c c of sperm suspension was used for vessel I, only 0 06 c c 
of sperm suspension could be used for vessel II, and this amount is difficult 
to mix with the mam suspension Nor could the sperm for vessel II be 
diluted to 0 3 c c , ( 1 ) because the sperm suspension loses its activity too 
rapidly when diluted, and (2) because siierm suspensions at different 
dilutions respire at different rates (Gray 1928) Another difficulty was that 
the rate of shaking ( 85-90 cycles nun -i) necessary for equihbration in 
vessel I seemed in some cases to be too groat for the cells m vessel II, 
where, owmg to the small amount of fluid, the refraction from the walls 
was too vigorous and the cells were damaged The Warburg method was 
therefore modified in the followmg way instead of usmg two square 
vessels of equal size, cuntaming different volumes of flmd, two round 
vessels of different size (12 and 25 c c) contammg the same amount of 
flmd were used This modification has no theoretical objections and was 
entirely satisfactory 

The introduction of a larger vessel with its associated larger constant 
produces an apparent loss of sensitivity when compared with the ongmal 
Warburg method, but this is compensated by the omission of the factor 
(m this case 5 ) for the ratio of the fluids by which the readmgs refemng to h 
have to be multiphed and which, when readmgs have to be taken at very 
short intervals, may partly counteract the advantage of the sensitivity 
In this method the readmgs h refer to the larger vessel, otherwise the same 
formulae apply 

The gas space was filled with 0 3 % COj m 0 , The effect of this mixture 
on the pH of the sea water was measured with a glass electrode and 
thermionic bridge (Rothschild 1937) and will be descnbed later The gas 
mixture was passed for 15 mm through the vessels contammg eggs, etc 
while they were bemg shaken m the water bath The rate of the gas flow 
was about 200 c 0 mm per vessel 12 mm were then allowed for eqmli- 
bration with closed taps before takmg the zero readmg After 16 more 
mmutes, during which the respiration of the unfertilized eggs was recorded, 
the sperm suspension was tipped by two persons mto both vessels at the 
same time, or, if the tippmg were done one vessel after the other, the tune 
mterval between the tipping of the sperm m the two vessels was noted and 
subsequent readmgs taken with the same time mterval 
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Measurement of CO2 retention Warburg’s method was used (1931) In 
this method, a known amount of CO, is hberated m the outer part of the 
vessel ( 1 , fig 1) by mixmg bicarbonate solution and acid The inner 
part (2) contains the egg suspension, etc which, according to its retention. 



Fig 1 1, outer part, 2, uiner part, 3, Keilin oup containing aperm suspension, 

4, side bulb containing bicarbonate solution, 6, gas exit 

reduces the pressure of CO, and thus gives a direct value for the retention 
The amount of acid which liberates CO, from the bicarbonate solution 
must be measured mto the vessels with extreme accuracy The best way 
of doing this is to dry the acid m the side-bulb and then to weigh it, smce 
the nsk of error is considerable when pipetting small amounts In these 
experiments another but equally accurate method was used A large 
amount of weak acid (2 0 c 0 M/1000 citno acid) was pipetted mto the 
outer part of the vessel, the side bulb containmg 0 6 c c freshly prepared 
0 025 M bicarbonate solution The inner part of the vessel contamed 
2 0 c c egg suspension+ 0 12 c 0 sperm The vessels were filled with gas 
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and equilibrated as desonbed above A third manometer of the same size 
as the one m which the retention was determmed, contaming the same 
amount of eggs and sperm was run at the same time, m order to elimmate 
the pressure changes due to their metabolism during the experimental 
penod 

Measurements of R Q \n cornbtnatum mth the differential method In order 
to detemune the R Q in the presence of COj for any given penod, four 
manometers and the usual thermobarometers are required Vessels 1 and 
II are a pair of differentials as descnbed above, the Oj consumption is 
determmed m them Vessels III and IV are conical vessels of about 
18 0 c c capacity, havmg two side-bulbs each They contam m their mam 
part 2 0 0 0 egg suspension and m the side-bulbs 0 3 c c sperm and 
0 3 c c strong citnc acid respectively All four vessels are filled with 
0 3 % CO, m O, and equihbrated as desonbed above At time 0 in vessel III 
both sperm and acid are tipped mto the mam vessel, m vessel IV the 
sperm only At time t m vessel IV the acid is tipped in The R Q can be 
denved from the followmg equation * 

( a n \ 

TT)-t-^rv) ■^C02rv — (* -^COjjji) 

, ( 3 ) 

an 

m 

where m * amount of cell suspension m c c for which the 0, uptake 
has been calculated m the pair of differentials, 

0=0, uptake of m c c for the penod m question, 
n = amount of cell suspension m vessels III and IV respectively, 

hill ^v = 5 nal manometer readings after tipping the acid 
into vessels III and IV 

* This method oan also be used to detemune the R Q of glyoolysmg or non 
glyoolysmg tissue shoes m Ringer bicarbonate m the presence of CO, Here, m = dry 
weight m mg of the tissue for which XO, has been determmed m the pair of differ 
ential vessels, and n = dry weight of the tissues in vessels III and IV as XO,/m mg 
dry weight of tissue Care must be taken that the weight (n) of the tissues m vessels 
III and rv IS the same, which oan easily be effected by adjusting their wet weight on 
a torsion balance before putting them into the vessels, or hy choosing the same 
number of equal tissue shoes for vessels III and IV 
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Results 



In Table I the pH of normal sea water, of eea water equilibrated with 

the gas mixture used m these experiments (0 3 % CO, m 0 

1 

0 

1 

water shaken for 46 mm m a 

closed manometer vessel m the presence of 

KOH are shown 

Table I 



Date 



pH 

30 VI 38 Sea water 



7 96 

Sea water 

equilibrated with gas mixture 

7 60 

8 vu 38 Sea water 



800 

Sea water equilibrated with gas mixture 

7 60 

0 vu 38 Sea water 



7 99 

Sea water equilibrated with KOH 

8 20 

The gas mixture depresses the pH of the 

sea water, though the eggs 

develop quite normally up to the 16 -ceIl stage 

m this medium 

The presence 

of KOH mcreases the pH of se< 

i water, the equihbnum HCOj 

•^C08-+H+ 

bemg shifted to the right 




As oertam writers prefer to represent their results not per given number 
of eggs but per given amount of egg substance, measurements were made 

of egg diameters These measurements are 

shown m Table II As the 

unfertilized eggs are not absolutely spherical, measurements of maximum. 

minimum and mean diameters 

1 are given 



Table II P miliaris 

EGOS pF Diameters in 10 “* 

CM (p) 



Standard error 


Antliraetio 

of anthmetio 

No of 


mean 

mean 

observations 

Female 1 Mm diam 

102 9 

±21 

26 

Max diam 

110 1 

±2 1 

26 

Mean diam 

106 4 

±18 

60 

Female 2 Mm diam 

101 4 

±09 

26 

Max diam 

104 9 

±09 

25 

Mean diam 

103 4 

±09 

60 

Female 3 Mm diam 

96 9 

±04 

26 

Max diam 

106 8 

±06 

26 

Mean diam 

101 6 

±04 

60 

Female 4 Mm diam 

101 1 

±09 

26 

Max diam 

104 6 

±12 

26 

Mean diam 

102 7 

±10 

60 

Thus 600,000 eggs are equivalent to about 0 29 o o of 

egg substance 

(see Korr 1937, p 466 ) 
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Fig 2 shows the typical Oj consumption of an egg suspension m the 
presence of KOH At /»= 16 mm fertilization was effected, this being 
mdioated by the arrow F The first readmg on fertilized eggs was taken 

2 mm and the next 6 min after insemmation For the first 2 mm after 
fertilization, O, consumption apparently stops altogether In the next 

3 mm it contmues at about the pre-fertilization rate, and it is only after 
this that the familiar mcrease m rate occurs 



Pig 2 O, consumption m the presence of KOH F, fertilization Gas phase, air 

This pecuhar result, which appears immediately after fertilization, is 
entirely due to the sudden evolution of CO, caused by the reaction between 
the acid commg out of the eggs and the sea water * The CO, is not absorbed 
immediately by the KOH, and thus the 0 , consumption is masked If 
readings are taken only 10 mm after insemmation, this effect is barely 
visible, as is shown by the dotted hne m fig 2 Furthermore, the im¬ 
mediate apparent cessation of O, consumption at the moment of m- 
semination shows that the metabolic changes associated with fertilization 
occur immediately the eggs are fertilized, and that fertilization occurs in 
the manometer vessels immediately on msemmation A further pomt may 
be noted about fig 2 The increase m rate of respiration after fertihzation 

• We are satisfied that it is not the result of taking the vessel out of the water 
bath to mix the eggs and sperm, a procedure which takes about 10 sec 

The respiration of the sperm suspension was negligibly small in all experiments 

36* 
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18 not so great as some workers have mamtamed This is due to the tem¬ 
perature at which the experiments were done ( 20 ° C) A few experiments 
were done at lower temperatures ( 15 ° C) and the usual mcrease was 
observed, but, as Korr (1937) noticed, when the temperature is mcreased, 
the disparity between pre- and post-fertilization rate decreases, and it is 
probable that if the experiment could be done at about 30 ° C there would 
be little difference m the rate before and after fertilization 
The retention of CO, by the suspension of the eggs and sperm m sea 
water was measured m a number of expenments m the way previously 
described In about half the experiments the retention was 0 (see Table III) 
In a few it was found to be 0 02-0 03/1 0 0 0 , with an average retention 
of 0 01-0 02/1 0 c c A retention of such a low order can be neglected 
m equation (1) for the evaluation of XO, and XCO, No qualitative 
change is mtroduced m the results by this omission The introduction of 
the retention factor would slightly decrease the figures for JO,, while the 
figures for JCO, would be shghtly increased The changes would, however, 
be within the range of experimental error 


Table III Measurement of CO, retention Exp 16 , 

24 VI 38 

r® C, 20 Gas, 0 3 % CO, m O, At < = 0, bicarbonate was tipped into the acid in 
vesseb I and II, fertilization being effected by ilislodgmg the Keilin cups containing 
the sperm mto the inner part of vessels II and III 

I II III 


Main vessel 
Outer part 

Inner part 

Side bulb 


2 0 c 0 M/1000 citric acid — — 

— 2O00 M/1000 citric acid 2 5 oc dist 

H,0 

— 2 0 c c egg suspension 2 0 0 0 egg 

suspension 

0 6 0 c M/40 bicarbonate 0 5 c 0 M/40 bicarbonate — 
solution solution 


Volume of 13 760 

vessel, c 0 

AGO, 1 266 

h ■+■ 89 76 


24 786 26 000 

2 266 — 

+ 50 76-0 6 = 60 26 + 0 6 


R (per 1 0 c 0 


(89 76 X 1 266) - (60 26 x 2 266) 
2 0x60 26 
113 4-113 2 


100 6 
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In fig 3 the 0 , consumption and total CO, production are shown 
Inspection shows that there is either a respiratory quotient much greater 
than 1 0 before fertilization, or that there is a small amount of acid pro¬ 
duction, a pomt previously suggested by Ashbel (1929), though there is at 


360 

320 

280 
I 240 

i 200 
I 
I 


Fio 3 Total CO, production and O, oonsumption by differential method 
Gas. 0 3% CO, m O, 

present no evidence that this acid is glycolytic in ongm, as this writer 
suggests At fertilization there is a sudden mcrease m total CO, pro¬ 
duction due to the production and diffusion of the acid out of the eggs This 
effect stops 5 mm after insemination At the same time eis the acid is 
produced, there is a marked mcrease m O, consumption This agam is not 
mamtamed, and 5 mm after fertilization the 0 , consumption rate falls to 
a low level which m some experiments was even lower than the pre- 
fertihzation rate The 0 , consumption rate then mcreases to the normal 
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post-fertilization level These changes in metabolism are not well seen in 
fig 3, where total CO, production and O, consumption are plotted “cumu¬ 
latively”, but m fig 4 the same experiment is shown with the amounts of 
Oj consumed and total CO, produced at given time mtervals plotted as 
rates per hour The two methods of expressing the data supplement each 
other, as although the first somewhat minimizes the significance of the 
changes in respiration, the second somewhat over-emphasizes them 



Fig 4 Total CO, production and O, oonaumption expressed as ou mm gas/hr , 
plottM against time Oas and method as m fig 3 

In all expenments the imtial outburst of CO, ceasmg after 6 mm , the 
mitial mcrease m 0, consumption rate followed by a sudden decrease and 
the subsequent mcrease were observed 
Mention has already been made of the necessity for shakmg at a fairly 
high rate, i e 90 cycles mm m order to effect O2 saturation in the 
vessel which contams the large amount of flmd This has been confirmed 
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by expenments at a low speed of shaking (72 cycles mm both with 
Warburg’s original differential method described earher, and with the new 
modification Expenments done m both ways show that the respiration 
was much lower than at a shaking speed of 90 cycles mm (see fig 6), 
although the qualitative changes m rate after fertilization are the same 
When using Warburg’s ongmal method, the eggs m the small volume 
of fiuid did not show a percentage of cleavage satisfying the cntena 
previously mentioned, and it is clear that the eggs became damaged some 
10-16 mm after fertihzation, as the rates both of O2 consumption and of 
CO2 production decrease m a very anomalous way (fig 5 b) 



10 20 30 40 50 10 20 30 40 

(a; (b) 

Time (min) Tune (mm ) 


Fig 6 (o) Total CO, production end O, consumption at reduced shakmg rate 

(72 cycles mm Gas and method as in fig 3 (6) Total CO, production and O, 
consumption at roducod shaking rate (72 cycles mm “*) Qaa as m fig 3 Original 
Warburg differential method 

The R Q after fertilization has been determmed in five experiments, 
each for different penods It was found to be well below 1 0 For the 
longest periods measured, 0-30 and 5-20 mm after fertilization, the R Q 
was 0 84 and 0 66 respectively (see Table IV) For the periods immediately 
after insemmation and during activation, i e for the first 6-10 mm after 
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tipping in the sperm, the values were much lower still The teohmoal 
difficulties m measuring the R Q over such short penods of time (5 mm ) 
by means of four manometers and the usual thermobarometers is mcreased 
by the fact that an 0, uptake of only a few cu mm has to be related to 
C 0 | pressures 20-40 times as great Smoe, however, none of the short 
penod experiments which were satisfactory from a teohmoal pomt of view 
showed a higher R Q , it is justifiable to state that the R Q immediately 
after fertilization is extremely low 


Table IV Measurement of R Q Exp 4, 10 vu 38 


Veesels I and II, Warburg difierentials Vessels III and IV, oomoal vessels each 
with two side bull» C, 20 Qaa 0 3 % CO, m O, At 1 = 0, sperm + acid were 
tipped into vessel III and sperm into vessel IV At t = 30, acid was tipped mto 
vessel IV 

I n III IV 


Mam vessel 
Side bulb 1 
Side bulb 2 

Volume of 
vessel, 0 o 
KOt 
KCOt 
h{l = 30) 


04oo 

sperm 


11 624 


6 0 c 0 egg 2 0 0 0 egg 2 0 o c < 


oitno acid 
18 096 


suspension 
04oo 
sperm 
03co 2N 
oitno aoid 


0 688 
0 090 
-32 6 
XO,= - 


1 843 

2 246 


- 


1 760 
ah-67 0 


1 672 
1 773 
+ 49 6 


I 773-(67 0x 1 760) 


34 7 
41 66 


Two conditions must be realized if the results of these experiments are 
to be analysable (1) that eggs m each vessel fertilize at the same tune, 
and (2) that eggs m both vessels fertilize at the same time For example, 
a small number of eggs being fertilized, say, 6 mm later than the mam 
bulk m both vessels, with concomitant acid production, would cause an 
apparent increase m the rate of CO, production and a false value for the 
R Q In order to check up that the above two conditions were realized, two 
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differential experiments were done at the same time The results (fig 6) 
show that the experimental conditions are satisfactorily consistent, con¬ 
sidering that the two sets of 0, consumption and total C0| production 
curves are denved from four different vessels Though certam small 
disparities are evident, the changes m metabolism previously mentioned 
occur m both sets of curves m a very similar way Even the actual dis- 
panties which do occur look greater than they really are, because the 
number of eggs was approximately 360,000 per vessel, while the results are 
given per 600,000 eggs 



Fig 6 Three experiments running at the same tune Total CO, production and 0, 
consumption m duplicate and O, consumption m the presence of KOH 


At the same time as the two differentials m fig 6 were running, an 
experiment was done m the presence of KOH There is a very marked 
decrease in respiration rate m the presence of KOH which reduces the 
HCOg activity m the sea water and mcreases the pH A considerable 
numW of comparisons of this type were done, and this dispanty between 
the rates was always observed For this reason it seems probable that little 
attention can be paid to “absolute” rate of respiration when determmed m 
the presence of KOH, as the eggs are clearly very susceptible to changes of 
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this type in the medium Furthermore, the “absolute” respiration rates 
of egg suspensions from different batches of females was found to be 
variable, a fact also noted by Runnstrom (19336), though it can be seen 
from fig 6 that the same egg suspensions show a very consistent respiration 
rate 


Discussion 

The experiments described m this paper were done to gam further 
mforraation about the first phase of the fertilization reaction, activation 
So far, very little except morphological details is known about it Whitaker 
(19330) has shown that an mcrease in 0, consumption rate after fertih- 
zation IS not of general incidence The so-called mcreases m permeability to 
spanngly ionizing solutes (Jacobs 1933) are in the same category Bio¬ 
physical changes, such as the mcrease of capacitance after fertilization 
. (Cole and Spencer 1938), have only been recorded m one or two eggs There 
is some evidence that the respiratory mechamsm changes after activation 
m the sea-urchm egg from a non-ferrous to a ferrous type (Korr 1937, 
Runnstrom 1930), and Orstrom (1937) showed that unfertihzed sea-urchm 
eggs produce ammonia aerobically, while the fertilized eggs do not Apart 
from these somewhat isolated observations, little is known These experi¬ 
ments establish certam new facts related to activation So far, we do not 
know what their significance is with regard to the activation of the sea- 
urchm egg, nor can their general importance or significance be gauged until 
other eggs have been exammed m the same way The sudden transient 
mcrease m Oj consumption may be related to the sudden transient pro¬ 
duction of acid, and to the transient changes responsible for the extrusion 
of the fertilization membrane As both acid production and increased Oj 
consumption last only for about 6 mm, they might also occur m eggs 
such as those of Curmngta and Chaetopterus, which show a decrease m 
statistical 0 , consumption rate after activation Whitaker (1931, 1933a) 
was unable to measure the respiration of these eggs immediately after 
activation Apart from the acid production and mcrease m Oj consumption, 
the apparent temporary change m R Q indicates that the metabolism of 
the egg not only changes after activation, but also that the metabolism 
changes agam after the change due to the mitial activation 

With regard to acid production, the problem arises as to whether the 
acid IS produced mside the egg at the moment of fertilization and diffuses 
out mto the sea water, or whether the acid is being produced inside the 
egg before fertilization and some change m the cell membrane occurs at 
fertilization permittmg the acid to diffuse out This latter hypothesis is 
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remmisoent of the early concept that unfertilized eggs are m an “inhibited ” 
condition which is rectified or changed by activation The fact that there 
IS apparently a certain amount of acid production before fertilization 
might be held to support this view On the other hand, an mcrease m 
permeability to an lonizmg solute such as a strong acid should be as¬ 
sociated with a decrease in D C resistance, of which Cole (1928) has found 
no evidence, though a considerable time ago Gray (1916) found indications 
that some impedance change occurred The production of acid at fertili¬ 
zation IS difficult to correlate with biophysical measurements, as Cole 
(1928, 1936) claims that the IfC resistance of the cell membrane is 
exceedingly high, which does not fit m with the diffusion of a relatively 
strong acid On the other hand, Rothschild (1938) was unable to confirm 
Cole’s results, though the method used was less refined A possible ex¬ 
planation of the discrepancy is that the permeability of the egg surface to 
ionizing solutes is a transient condition lastmg only for a few minutes after 
activation, while Cole’s most satisfactory measurements were performed on 
eggs that had previously been fertilized 

One further pomt may be mentioned, the effect of the reduction m 
HCOf activity (or mcrease m pH) has a marked effect on the 0 * con¬ 
sumption of sea-urchm eggs If a similar effect does not occur in other 
eggs, the relationship between the respiration of sea-urchin eggs and that 
of other eggs will have to be re examined Although the above-mentioned 
effect of changes in HCOj activity occurs, the measurement of Oj con¬ 
sumption during fertilization with a substituted buffer such as pyro¬ 
phosphate or glycyl-glycine would be mstructive, though acid production 
could not be measured manometrically In these conditions the techmcal 
difficulties imposed by the evolution of COj derived from the bicarbonate 
m the sea water would be obviated, it is hoped to carry out experiments 
of this type in the near future 

A possible cnticism of these expenments nught be that the change m 
pH caused by equilibrating sea water with a gas mixture contammg 0 3 % 
COj m Oj 18 just as great as the change caused by the presence of KOH 
Although this 18 true, the mam effect of the COj is to buffer the medium 
against possible changes due to the metabolism of the eggs There is no 
reason to expect the decrease m pH to mcrease respmation The main effect 
of the KOH 18 to reduce the HCO^" activity, and this might very well 
reduce respiration * 

* Thtf disparity in 0| consumption rates is not due to any deficiency in 0, tension 
m air (the gas phase in KOH experiments) as compared with 90 7 % 0|, as Tang and 
Qerard have shown (1932) 
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earned out 


Summary 

1 The metabolism of P mtltarta eggs was exammed before, durmg and 
after fertilization 

2 Immediately after activation, i e dunng the first 6 mm , there occur 

(a) a sudden morease in Oj consumption, 

{&) a sudden increase in acid production 

3 Neither of these effects persists, the 0, consumption fallmg to a low 
value, sometimes below the pre-fertilization rate This decrease m 0| 
consumption is not mamtamed, the rate mcreasing about 10 mm after 
activation to its normal value 

4 There are mdications that the R Q falls to an unusually low value 
immediately after activation 

5 The comparative absence of HCOa ions associated with manometne 
methods mvolvmg the use of KOH for the absorption of CO, m media 
contammg HCOf ions causes a large decrease m respiration rate 

6 The relationship of these metabolic changes to physicochemical 
changes observed m the eggs at the same time is discussed 


Rbvbbbnoss 

Ashbel, R 1929 Boll Soc Btol aper 4 

Brook, N , Druckroy, H and Herkon, H 1938 Arch exp Path Pharmak 188, 436 

Cole, K S 19*8 J Oen Phyaxol 12, 37 

Cole, K 8 and Cole, R H 1936 J Oen Phyaxol 19, 626 

Cole, K S and Spenoer, J M 1938 J Oen Phyaxol 21, 683 

Gray, J 1916 Philoa Trana B, 207, 481 

— 1928 BrU J Exp Biol 5, 337 
Heyningen, W E van 1935 Bvochem Z 29, 2036 
Jacobs, M H 1933 J Cell Comp Phyaiol 2, 427 
Korr, I M 1937 J Cell Comp Phyatol 10, 461 
Laser, H 1935 Nature, Land , 136, 184 
Orstrdm, A 1937 Protoplaama, 15, 666 
Rothschild 1937 J Sot Inatrwn 14, 373 

— 1938 BrU J Exp Btol IS, 200 

— 1939 BrU J Exp Bwl (m the Press) 

Runnstrdm, J 1930 Protoplaama, 10, 106 

— 19330 Pnrfoplosmo, 20, 1 

— 19336 Btoohem Z 268, 267 



The metabohem of PsammeohmuB miham eggs 667 

Shapiro, H 1935 Btol Bull Wood'a Hole, 68, 363 
Shearer, C i9aa Proo Roy Soe B, M, 213 

Tang, Pei Sung and Qerard, R W 193a J Cell Comp Phystol 1, 603 
Warburg, O 1915 PJhig Arch gee Phyatol 109, 324 

— i9a5 Btochem Z 164, 481 

Warburg, 0 , Kubowita, F and Christian, W 1931 Btochem Z 242, 170 
Whitaker, DM 1931 J Gen Phyatol 15, 188 

— 1933a J G«n Phyatol 16, 476 

— 19336 J Oen Phyatol 16, 497 


598 65 611 013 16 

Visual stimulation and ovulation in pigeons 

By L Harrisox Matthews 

{CommumcaUd by F H A Marshall, FR S — 

Received 27 September 1938 ) 

It haa long been known that the female pigeon, unlike the carefully 
selected domestic hen, does not ovulate spontaneously Harper (1904) 
showed that in pigeons ovulation occurs not less than 8 days after the 
introduction of the male to a female when both are ready for matmg He 
further recorded that two female pigeons when confined together may both 
take to laymg eggs The act of mating therefore is not necessary to induce 
ovulation, the mere presence of a compamon suflBcmg This exteroceptive 
stimulus to ovulation is usually regarded as exerting its influence through 
the pituitary 

The expenment desonbed m this paper was designed to show whether 
the stimulus is visual, auditory, olfactory, tactile or a oombmation of two 
or more of these alternatives The essential part of the expenment earned 
the confining of two females together a stage further Two birds were 
confined m adjacent cages separated by a sheet of glass, and single birds 
were confined by themselves but provided with a mirror The birds were 
thus Bupphed with compamons to which they had no tactile access 

Wooden cages with fronts of half-mch mesh wire netting were used 
They measured 18 x 14 x 10 in Some of them were jomed together m 
pairs, the partition between them being movable, so that it could be 
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removed or a sheet of glass substituted for it Others were provided with 
shdes at the back so that a sheet of mirror could be shpped ur to cover the 
back wall 

The birds used were dealers’ ordmaiy stock, mongrels showmg a pre¬ 
dominance of the common blue rock They were placed in solitary con¬ 
finement for a month, as a prelimmary to the experiment, so that the 
effect of any previous stimuli might pass They were then confined as 
follows 

Double cages 

(1) Male and female with no partition (control) 

(2) Male and female with glass partition 

( 3 ) Two females with glass partition 

( 4 ) Two females with no partition 

Smgle cages 

( 5 ) Female alone, with mirror 

(6) Male alone, with mirror 

( 7 ) Female alone without mirror (control) 

Owing to the difiiculty of ascertaimng the sex of mongrel pigeons a 
mistake was made with some of the burds One of those m cage no 3 
turned out to be a male, so that this cage merely duplicated cage no 2 
No 0 was confined as a female, but was found to be a male after the 
experiment had started Cages nos 1 and 2 were kept in a different 
building from the rest All the cages were arranged so that none of the 
birds could see any of those m other cages 

The results obtamed are shown m Table I, where the dates when eggs 
were laid are shown 

It will be seen that eggs were obtamed from the control pair in 9 days’ 
time, and from other birds after longer mtervals The female of the control 
pair was isolated on 12 June She laid agam on 14 and 16 June, but 
thereafter produced no more eggs up to the end of July when the experi¬ 
ment ended The control female, shut up by herself with no mirror, did 
not lay at all up to 12 June On that day she was plaoed m a double cage 
with a male, and laid on 23 and 26 June The male (6), which was mistaken 
for a female and confined with a mirror, soon started callmg and displaying 
m the usual manner of pigeons (cf Whitman 1919) to its mirror image 

The results obtained show that the stimulus which causes ovulation m 
the pigeon is a visual one The ovulation of birds separated from the male 
by a sheet of glass, or confined alone with a mirror, shows that the stimulus 
is not tactile The absence of ovulation m the control, which was demed 
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sight of another bird but was m the same room with the others, shows that 
the stimulus is not olfactory or auditory Were it either, or both, she 
would have laid Her subsequent ovulation when confined with a male 
showed her to have been a normal bird which lacked only the visual 
stimulus for ovulation 

Tablk I Dates of eoq-layino 


Birds placed m solitary confinement 2 February Experiment started 3 March 


1 

2 

3 


4 

6 

7 

control 





$ with 

9i no 

<J $ 

S glass $ 

<J glass $ 

? 

S 

mirror 

mirror 

12 Mar 

16 Mar 

29 Apr 

23 Apr 


14 May 


13 Mar 

17 Mar 

1 May 

26 Apr 


16 May 


30 Mar 

28 Mar 

19 May 


27 Apr 

27 May 


1 Apr 

30 Mar 

23 May 


29 Apr 

28 May 


16 May 

1 June 

1 June 

8 May 


9 June 


18 May 


4 June 

10 May 


11 June 


3 Juno 


15 June 


19 May 

24 June 




18 June 


20 May 



$ isolated 


4 July 

22 May 



Placed with 

12 June 



23 May 



12 June 

14 June 




2 Jimo 


23 June 

16 June 




4 June 


26 June 

No further 



18 June 



9 July 

eggs to end 
of July 






10 July 


Although visual stimulation from a companion of the same sex, or even 
from a mirror image, is sufficient to produce ovulation, it would appear 
that the response of the female to the behaviour of the male is also self 
stimulatory When the birds are demed access to each other, or are of the 
same sex, the pattern of the matmg behainour cannot be completed, and 
the lower level of stimulus produced is reflected in the longer interval 
before the appearance of the first eggs 
It 18 claimed that this expenment lends further support to the ex¬ 
planation of sexual display m birds and other ammals brought forward by 
Marshall (1936), who concludes that display does not produce a conscious 
sexual selection as proposed by Darwm, but is essentially a mutual pitui¬ 
tary stimulation The visual stimulation here shown to exist m pigeons 
when confined with a smgle companion, or merely a mirror image, is 
earned to a higher level m those birds which nest m colomes Fraser 
Darhng (1938) showed that a defimte mmimum number of pairs is a 
requisite m any breedmg colony of certam species of birds that nest 
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greganously, m order to produce the threshold stimulus for ovulation 
Visual stimalation has also been demonstrated m pigeons by Patel (1936), 
who showed that unless the male can see the female sitting on the eggs 
during mcubation, he secretes no milk from the crop gland after the eggs 
are hatched 

The writer wishes to express his thanks to Dr Richard Clarke, who 
kindly found accommodation for the experimental birds at the Clifton 
Zoological Gardens, and to Keeper Victor Jones who looked after them 
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The photodynamic activity of the urine of mice 
treated with blastogenic hydrocarbons* 

By J C Motteam 

From the Radium Institute, London, and The Mount Vernon 
Hospital, Northioood 

(Communicated by J W Cook, FR S —Received 16 October 1938 ) 

In view of the fact that a number of blastogemc agents and hydrocarbons 
have been found to make the skin of mice photosensitive and also to have 
photodjTiamic action on Protozoa (Mottram and Domach 1937, 1938), 
exammations of the unne and faeces of mice either painted or moculated 

• The term “blastogemc” is used to denote a tumour-producing agent, irrespective 
of the character or malignancy of the tumours produced All of the compounds so 
described m the present commumoation have been shown to give epitheliomas m 
mice, and with many of them sarcomas have been obtamed by subcutaneous in 
jeotion 
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with blastogenio hydrocarbons have been made for photodynamic sub¬ 
stances The faeces may be dismissed by saymg that no photod3maimo 
substance was found, nor were the faeces seen to be fluorescent under 
Wood’s glass 

As regards the urme, normal mice have been repeatedly examined for 
photodynamic action, with negative results A few cubic millimetres of 
urme can readily be obtained by manipulatmg the lower abdomen of mice, 
especially females, when this is diluted with a culture of Paramoectum, it 
18 found that the organisms are lulled in the dark m high concentrations, 
but that when a dilution of 16 parts of culture to 1 part of unne is used the 
orgamsms survive mdefinitely and behave normally It was therefore 
decided to use dilutions of 1 part of unne to 32 parts of culture and 1 to 
64 when looking for photodynamic action The urme of many normal 
mice, thus diluted with a culture of Paramoectum was exposed to the 
mercury-vapour lamp protected by a sheet of glass, and in all cases ex¬ 
posures for over an hour neither killed them nor mterfered with their 
normal activity 

A Pooled unne of mice painted twice a week with “impure” not light protected 
benzpyrene for 6 weeks, last painting 48 hr previously, these mice had been kept m 
the light (not direct sunlight)—the necessity for these detaib of exposure to light can 
only be fully appreciated by reference to previous papers (Mottram and Doniach 

1937. 1938) 

B Pooled urme of imce painted with impure benzpyrene similar to A, but of a 
different set of mice 

C Pooled urme of mice pamted as above but again of a different set of mice 

D Pooled urme of nonnal mioe for a control 

Dilution Exposure Result 

A 1/32 MVL KiUedml5mm 

1/64 MVL „ 18 .. 

1/32 Dark Nonnal m 89 mm 

1/64 Dark „ 86 „ 

B 1/32 MVL Killed m 14 mm 

1/64 MVL „ 24 „ 

1/32 Dark Normal m 82 „ 

1/64 Dark 82 „ 

C 1/32 MVL KiUed m 10 mm 

1/64 MVL „ 14 „ 

1/32 Dark Normal m 70 min 

1/64 Dark „ 70 „ 

D 1/32 MVL „ 67 „ 

1/64 MVL „ 67 

1/32 Dark „ 76 „ 

1/64 Dark „ 76 „ 

M V L = exposed to the mercury vapour lamp Dark = kept m the dark 
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The conditions of exposure were lamp distance 21 cm , current 3 4 amp , 
103 V , screen, glass opaque to radiations below 330 /t/i. 

When mice which have been pamted with 3 4 -benzpyrene are similarly 
tested, strongly positive results are obtamed, as shown m the typical 
experiments on p 661 

These results show the presence of a photodynamic substance m the 
unne 48 hrs after pamtmg If these mice are examined 3 days after the 
last pamtmg, then very little photodynamic substance is found, the 1/32 
dilution for mice A killed m 62 mm, for mice B the Paramoecia were 
slowed up but not killed m 69 mm , and for mice C were normal m 53 mm 

When the mice were examined 4 hr after painting, then the times 
were A, 21 mm , B, 15 mm , and C, 10 mm , showing that photodynamic 
substance is secreted m the urme soon after pamtmg The rate of excretion 
is well shown by introducing one cubic centimetre of a 1/10,000 colloidal 
emulsion of impure benzpyrene into the stomach of the mouse, when the 
followmg results are obtamed 

Time when urine examined 16 min 1 hr 2 lir 3 hr 24 hr 48 hr 72 hr 
Lethal tune m minutes for Nonnal 42 28 18 16 63 Normal 

1/32 dilution of unne m 60 m 60 

So far only impure benzpyrene has been applied to the mice, smee this 
itself contains water-soluble photodynamic substances produced by the 
action of light (Mottram and Doniach 1938), it cannot be concluded that 
the mice have changed the benzpyrene mto a photodynamic product 
In order to settle this question mice pamted with pure benzpyrene prepared 
and kept m the dark, and not contammg water-soluble photodynamic 
impurities, were exammed with the followmg results The mice had been 
pamted twice a week for 6 weeks, pooled urme was used 

Time after last painting when urme exammed 4hr 6hr24hr 72hr 
Lethal tune m minutes for 1/32 dilutions 27 16 18 Nonnal m 60 

Pure benzpyrene was also tested, usmg mice which had been moculated 
into both flanks with 0 5 c c of olive oil containing 1 mg of pure benz¬ 
pyrene , pooled urme was used. 

Time in days after moculation when 

unne examined 1 2 3 4 6 8 10 13 27 

Lethal time mmmutes for 1/32 dilutions 4 8 13 10 8 26 13 4 9 

These results indicate that after moculation of pure benzpyrene m olive 
oil, the photodynamic substances contmue to be excreted m the urme for 
at least a month, and that therefore they are produced m the tissues of the 
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animals The wide vanations m the figures are because mdmdual mice 
vary though each has a certain constancy m pooling the unne the amount 
taken from each mouse was not kept constant and so this makes the 
readings of pooled urmes variable 

Next a senes of polycyclic comiiounds, some blastogenio and some 
which do not produce tumours, were tested, by inoculatmg mice mto each 
Sank with 0 6 c c of olive oil contaming 1 mg of the hydrocarbon and 
examining the urme 24 hr later, the results are given m the followmg 
table under urme A 


(1) 

Cholanthrene 

Urme 

A 

+ 

Unne 

B 

+ 

Blasto 

act 

Photo 

act 

+ + + 

(2) 

3 4 Benzpyrene 

+ 

+ 

+ + + 

+ + + 

(3) 

Methylcholanthrone 

+ 

+ 

+ + + 

+ + + 

(4) 

2 Methyl 3 4 benzphenanthrene 

+ 

+ 

+ + 

+ 

(6) 

1 2 6 6 Dibcnzanthraceno 

SI act 

+ 

+ + 

+ + 

(6) 

1 2 6 6 Dibenzacridine 

- 

+ 

+ 

- 

(7) 

3 4 Bonzphenanthrone 

- 

SI act 

+ 

+ -l* 

(8) 

1 2 Benzanthracene 

— 

+ 

T 

+ + + 

(8) 

Anthracene 

- 

- 

- 

-t- 

(10) 

Phenantlirene 

- 

SI act 

- 

- 

(11) 

1 9 Dimothylphenanthrene 

- 

- 

- 

t 

(12) 

Huorene 

— 

— 

- 

— 

(13) 

1 2 Benzfluorono 

- 

SI act 

- 

- 

(14) 

Perylene 

- 

- 

- 


(16) 

Cholesterol 

— 

— 

- 

— 

(16) 

Ergosterol 

- 

- 

- 

- 

(17) 

Cholestenlene 

- 

- 

- 

- 


Under Blaato act + + + =abiuidant tumour production, + + = defimte tumour 
production, += tumours occasionally produced, t = tiunoure rarely produced, 
— = no tumours produced 

Photo act = relative photodynamic activity of collodial preparations of the 
hydrocarbons, using Goleps for the test, see (2) 

Urme A = deals with mice moculated with 2 mg of hydrocarbons SI act = slight 
photodynamic activity 

Urme B = with 4 mg 

It is seen that the first four hydrocarbons give unne having photo¬ 
dynamic activity, and that apart from the fifth, which shows slight activity, 
the remainder were mactive 

A second senes of mice were inoculated mto each flank with 2 mg of the 
hydrocarbons m olive oil, and ui the table under “Unne B” it is seen that 
now the fifth, sixth and eighth hydrocarbons give active unnes, three 
showed shght activity and the rest were negative 
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In a previous paper (Mottram and Doniaoh 1938), the blastogenio 
activity of these hydrocarbons was compared with the photodynamic 
activity of colloidal preparations of them using Coleps for the test, and 
the data are again given in the last two columns of the table, as can be 
seen, between these two activities a correlation obtams which, as pomted 
out m the previous paper, is by no means perfect 
In contrast to this, the correlation between blastogemc activity and 
photod3Tiamic activity of the urine is very close, indicatmg that the blosto- 
gemc hydrocarbons are those, which the tissues are able to convert into a 
compound which, secreted in the urine, makes it photodynamic 


Discussion 

The fate of inoculated hydrocarbons has been studied by a number 
of workers, Berenblum and Kendal (1936) using a fluorescence method 
could not find 1 2 6 6-dibenzanthracene m the excreta of mice after 
mtrapentoneal inoculation, and Chalmers and Peacock (1936) hkewise 
found nothmg m the excreta of fowls after mtramuscular inoculation of 
3 4 -benzpyrene and 1 2 6 6-dibenzanthracene Peacock (1936) de¬ 
tected a derivative of 3 4 -benzpyrene in the liver and bile after intra¬ 
venous moculation, and m rabbits fluorescent substances, not normally 
present, were present in the urme when 3 4 -benzpyrene, 1 2 6 6- 
dibenzanthracene and anthracene were inoculated intravenously Further, 
Chalmers and Peacock (1936) traced the fluorescent bile m chick embryos 
to the duodenum and in gradually decreasing intensity down the mtestme 
Chalmers (1938) was able to detect fluorescent derivatives m the bde and 
faeces but not the unne of mice, 24 hr after mtravenous inoculation of a 
colloid preparation of 3 4 -benzpyrene 
The present findings show that after subcutaneous moculation of blasto- 
genic hydrocarbons, photodynamic substances presumably denvatives of 
the hydrocarbons, continue to be present in the unne for at least a month 
It IS evident that elimination of these hydrocarbons requires further 
research, especially with regard to the chemistry of the denvatives present 
in the bile, urme, etc 

Regardmg the time required for the elimination of the hydrocarbons 
after inoculation, Chalmers (1934) observed a rapid decrease to one-tenth, 
after a few days when 1 2 6 6-dibenzanthracene, dissolved m chicken 
fat or egg yolk, was moculated mto the muscles of fowls Neither of these 
solvents are, however, good for the production of tumours, perhaps the elim¬ 
ination would have been much less rapid had for instance, ohve oil been used 
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Chalmers and Peacock (1936) also observed rapid elimmation m chick 
embryos after intramuscular inoculation in fatty solution of 3 4 -benz¬ 
pyrene and 1 2 5 6-dibenzanthracene Berenblum and Kendal m- 
oculated mice mtrapentoneally with 1 2 6 6-dibenzanthracene either 
in collodial solution or m lard They found that the hydrocarbon had 
mostly disappeared in 3 weeks, but in the case of the colloidal solution a 
quarter remained m the mice after 160 days 

The present flndmgs mdicate that elimmation is slow when inoculations 
are made in ohve oil On the other hand, 3 days after the pamting of 
skm, photodynamic substances are absent from the unne This rapid fall, 
after painting, is m keeping with the necessity of repeated pamtings over 
long periods of time, for the production of tumours, and with the finding 
that paintmg twice a week is a good interval to adopt 

The close correlation between blastogemc activity of the hydrocarbons 
and the presence ol photodynamic substances m the unne, suggests that 
similar bodies should be looked for m the mine of cases of human cancer 
The present findings mdicate that the blastogemc hydrocarbons are those 
which living tissues can convert to photodynamic derivatives, probably 
water-soluble oxidation products, since such are easily made, are soluble m 
water and are photodynamic, furthermore, Boyland and Levi (1937) have 
recovered a dihydroxy compound from the unne of rabbits fed on 1 2 6 6- 
dibenzanthraoene 

Now, Boyland (1933) has found that polycychc hydrocarbons, oxidized 
photochemically, destroy dehydrogenases and that m this resjiect carcmo- 
gemc hydrocarbons are more active than the non-carcinogemc Again, 
Boyland and Boyland (1934) showed that a water-soluble oxidized product 
of 1 2 5 B-diben/anthracene mhibited respiration (oxidation) and 
glycolysis of many different tissues Under discussion they say “As all 
known reactions involving enzymes take place in aqueous solution, it 
seems probable that carcmogemc hydrocarbons are altered m the body to 
form water-soluble compomids before they can produce biological effect ” 
These observations on the unne of mice, decidedly favour this forecast 

The expenses of this research were partly defrayed by the Bntish Empire 
Cancer Campaign 

CONCLtTSIONS 

1 Mice pamted with pure light-protected 3 4 -benzpyrene and kept m 
the dark, secrete a photodynamic substance in the unne for 2 days, but 
not for 3 days, after pamtmg 
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2 Mice inoculated under the skin with pure hght-protected 3 4-ben2- 
pyrene dissolved in ohve oil, continue to secrete a photodynamic substance 
in the unne for at least a month 

3 When a senes of blastogemo hydrocarbons were thus inoculated, 
the unne was always found to contain photodynamic substances, but, when 
a senes of hydrocarbons were used which do not produce tumours, then the 
unne remained normal m this respect The correlation was very close 

4 Under discussion a number of facts are collected, which have a 
beanng on these findings and their interpretation 
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The effects of thunderstorms and lightning discharges on the earth’s 
electric field By T W Wormell (Communicated by C T R Wilson, 
FR 8 —Received 29 June 1938 ) 

Tho results of an extended senes of observations of the potential grailiont during 
thundorstonns in tho years 192(i-36 are discussed A capillary electrometer was used 
to record photographically tho behaviour of the gradient and continuous observations 
were possible even m the most mtense fields and throughout heavy rainfall The 
effects of lightning discharges could be detoct4>d up to about 40 km distance Tho 
time of response of the recording sysb'm to a sudden change in the field was about 
0 06 see and the method thus yields an accurate record of tho behaviour of the pro 
discharge gradient, of the recovery of the field after a discharge and also a certain 
amount of detail durmg the change of field accompanying a discharge 
Records of a number of storms are reproduced and discussed in detail 
The values of tho pro discharge gradient beneath a thundercloud rarely exceeded 
10,000 V/m even just before a close lightning flash Negative gradients were on the 
average more intense than positive ones at all distances from the storm When dis 
chargee were occumng withm 6 km, negative pre discharge gradient was twice as 
frequent as positive, beyond 10 kin , positive gradient prtsiominated 

The magmtude of the field changes due to very close disohargos was very variable 
The biggest observed, of either sign, exceeded 60,000 V/m , but flashes within 1 km 
occasionally caused changes of only a few thousand volts per metre 
The magmtude of the field changes at greater distances leads to an estimate of the 
electric moment of the dischargee Tho mean value deduced for this quantity (i e 
twice the product of the charge by its vortical displacement) was about 220 coulombs 
X kilometres The values for positive and negative discharges were not greatly 
different 
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The most distant discharges recorded showed an excess of negative field changes 
(i e of changes tending to reduce the value of a positive potential gradient) For 
discharges withm 16 km there was a considerable excess of positive field changes, the 
proportion mcreasing with decreasing distance until at about 6 km distance positive 
changes were more than three tunes as frequent as negative ones This well known 
behaviour is commonly mterpreted as due to the frequent occurrence of a discharge 
mvolving the mam positive charge at the top and negative charge m the base of the 
thundercloud For the very close discharges there was however, m the present senes 
of storms, a marked mcreose m the proportion of negative field changes, positive and 
negative changes bemg about equally frequent for discharges withm 3 km The 
observations would seem to demand the not infrequent occurrence of a second type 
of cloud discharge which causes a negative field change at short distances, but a 
{Kmitive change beyond its small reversal distance, and must be very low down 

About one quarter of all the held changes recorded, even with this rather slow 
apparatus, showed components of both signs For very close discharges the proper 
tion was considerably higher Such complex held changes wore sometimes olwerved 
when only a smgle flash, either in the cloud or to earth, was visible in daylight Many 
of the simple field changes showed appreciable duration on the records, m a few cases 
exceeding 0 6 sec In some cases this was clearly due to the discharge being made up 
of several strokes but in others the change was recorded as a slow smootli variation of 
the held 

The form of the recovery of the field after a discharge is discussed in detail and it m 
concluded that the mitial rate of regeneration of electric moment by the cloud is, on 
the average, about 0 16 of the moment destroyed by the flash per second 

A brief discussion is given of our present knowledge of some of the fundamental 
quantities connected with a thundercloud and of the theory of the mechanism of the 
production of the charges 


The use of a vertical pipe as an overflow for a large tank By A M 

Binnie (Communicated by R V Southwell, FR S—Received 30 June 
The performance of vertical pipes arranged as overflows m a tank was studied 
experimentally on a small scale with special apparatus, which ensured that the water 
reached the pijie inlet with no tangential component of velocity 

Under normal conditions the change of head with discharge was small at low heads 
At this stage the flow was not rotational, but a considerable volume of air was drawn 
down the pipe in the form of bubbles Above a sharply marked critical head, the pipe 
ran full and a largo rise of head caused only a slight increase in the discharge The 
effects on the critical head of lengthenmg the pipe and of sharpening its inlet end were 
comparatively small, but the insertion of a trumpet shaped mouthpiece greatly 
unproved the performance 

The types of flow described by Borda os free and full flow were possible with over 
flow pipes of uniform diameter, and they resulted m a serious reduction m the dis 
charge 
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The electroma^etic energy of a point charge ByM H L Peycb (Com- 
munxcated by P A M Dtrac, FB S —Received 30 June 1938 ) 

A method of definmg tho energy of a point charge m a fimte manner is developed 
It IS roughly eqmvalent to subtracting an inflmte constant from the ordmary expres 
Sion m an unambiguous and relativistically invariant way The energy and momen 
turn are qmte simply given as the sum of a mechamoal part and a (convergent) 
integral over all space For a point charge m uniform motion the energy and momen 
turn are the same as for a ])article possessmg mertia 

The equations of motion for a pomt ohargo are derived from tho conservation of 
energy and momentum 

In 5 5 the theory is presented symmetrically with regard to the advanced and 
retarded fields 


An absolute determination of the acceleration due to gravity at the National 
Physical Laboratory By J S Clark (Communicated by W L Bragg, 
FB 8 — Received 6 July 1938 ) 

An absolute determination of the value of q at the N P L has been carried out, 
using a reversible pendulum swmging in vacuo on a fixed knife edge, the plane 
bearmg surface being part of the pendulum itself 

The pendulum was designed to be as rigid as possible, and special attention was 
given to the calculation of the correction due to the elastic deformation of the 
pendulum when oscillating 

Investigations wore also made to detonnme the corrections due to curvature of the 
knife edges, elasticity of the support, amplitude of swing, and the residual pressure 
The mean result of eighteen determinations gave tho value of g at the N P L 
(lat 61° 26' 14' N , long 0° 20' 21' W , and height above M S L 10 m ) as 981 181, 
cm /sec * 


Specific heat-temperature curves of some age-hardening alloys By N 

SwiNDKLLS and C Sykes (Communicated by W L Bragg, FB 8 ~~ 
Received 5 July 1938 ) 

'The changes in atomic configuration taking place during hardenmg affect the 
apparent specific heat of age hardening allojis bpecifio heat temperature curves and 
hardness measurements have been obtamed on five typical ago hardenmg alloys 

The results show that in certain coses, e g the silver copper and copper beryllium 
alloys, maximum hardness w attamod when the major portion of the chemical energy 
associated with the supersaturated solid solution has been evolved, i e precipitation 
has token place In other cases, duralumin and alummium copper alloys, maximum 
hardness is associated with segregation of the solute atoms in the parent lattice prior 
to precipitation 
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The classical equation of state of gaseous helium, neon and argon By 

R A Buckingham {Communtcated by J E Lennard-Jones, FRS — 
Received 11 July 1938 ) 

The problem of deriving the form of the mteraction of rare gas atoms from their 
observed second virial coefficients is attacked by the method mtroduced by Leonard 
Jones, nsmg the classical equation of state and for the mteraction energy 

E(r)=Ar--fir-* (1) 

The method of calculation used by Leonard Jones for helium, neon and argon, 
assuming A and /t constant, has been modified and then extended to allow for a 
possible slow variation of A with r The bearing of the results upon the tnie mteraction 
of helium atoms is discussed, mamly m relation to the accuracy of the l^later field 
For noon and argon it is omphaaizod that an imambiguous determmation of the 
interaction energy requires an accurate knowledge of the properties of the crystalline 
form of these elements The description of the repulsive potential by analytic 
expressions, such as be-'lp and bir'’e~''Pt, is considered and parameters deduced 
which give the best correlation of gas and crystal data, on the assumiition that (1) 
and kindred forms are valid for the mteraction of neighbourmg atoms only in the 
crystals 


The formation of negative ions by positive-ion impact on surfaces By 

R Press and R H Sloane {Communtcated by E V Appleton, FRS 
—Received 12 July 1938 ) 

It has been found thot when a hot cathode discharge is passed through mercury 
vapour, light negative ions are produced from surfaces exposed to positive ion 
bombardment The negative ions include some with energies greater than could be 
imparted to them m the existing electric fields Experiments are described which 
elimmate the posaibdity that the excess energies could bo produced through electnoal 
oscillations The conditions imder which the negative ions appear indicate that they 
are piwluced mamly through sputtering of occluded electronegative films under the 
action of mercury jxisiti VO ion bombardment, but results from experiments of this typo 
cannot be mterpreted unambiguously The existence of this process has been shown 
directly by a double mass spectrograph m which beams of positive ions of known 
kind are allowed to impinge normally on a metal disk m high vacuum and are found 
to produce a spectrum of negative ions, with properties similar to those of the negative 
ions obtained m the previous experiments The existence of Hg" as a stable entity 
seems to be still m doubt 


The porous diaphragm method of measuring diffusion velocity, and the 
velocity of diffusion of potassium chloride in water By G S Habtley 
andD F Runnicles (Communicated by F 0 Donnan,FRS—Received 
12 July 1938 ) 

A contmuoua reading apparatus for measunng the rates of dififiision of pure 
electrolytes through porous diaphragms is described 
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Results obtained for the diffusion of potassium chloride as a function of conoentra 
tion are presented and the absolute values obtained by extrapolation 

The corapariBon of the results obtained with the best available data by absolute 
measurements shows that there is still room for more aoourate work in the whole 
problem, but it is believed that the diffusion coefficients in the range from N/lOO to 
N/10 are accurate to within 2% 


The determination of the size of paraffin‘Chain salt micelles from diffusion 
measurements ByG S HxHTLRYandD F RtJNincLES {Communtcated 
by F O Dorman, FR S — Received 12 July 1938 ) 

The porous diapliragm method has boon applied to tho measurement of the diffusion 
of paraffin chain micelles in aqueous solution with a swamping excess of simple 
electrolyte 

For cetyl pyridmium salts the method is satisfactory and a radius for the imcelle 
of about 26 A is found The radius is independent, within experimental error, of the 
concentration of paraffin chain or swamping electrolyte, and very little dependent 
on temperature These results are in excollent agreement with the spherical liquid 
rmcello” theory There is small, but definite, influence of tho nature of the gegemon 
on tho size of tho micelle 

For cetane sulphonates and cetyl suliihatos the method fails to give rebable results, 
probably owing to the building up of a structure within the pores of the diaphragm 
When the solutions are saturated with amyl alcohol or benzene the method again 
fails to giv e reliable results A mechanism is suggested for the anomahee observed 


The simultaneous sorption of carbon bisulphide and water vapour by 
activated charcoals By A J Allmand,FRS andj L Lizitis {Received 
12 July 1Q3H ) 

Although accurate work has recently been published in the Proceedings on the 
adsorption of gaeeoue mixtures on solid sorbents, the authors do not think that similar 
work of any value has appeared dealing with the simultaneous adsorption of two 
vapours They have attempted to carry out such measurements, using water and 
carbon bisulphide os the sorbates, and three activated charcoals of varying character 
os the sorbents The technique employed, mcluding pressure measurements by means 
of a Piram gauge, was an extension of that already described in the Proceedings of the 
Society 

Experiments were carried out on the effect of varying chaiges of water vapour on 
the pressure exerted by a constant charge of carbon bisulphide sorbed on charcoal, 
on the sorption isothermals of water on charcoal contammg such a charge of carbon 
bisulphide, and also on tho sorption isothermals of carbon bisulphide on charcoal 
containing a constant charge of water The results are expressed in the form of 
diagrams They are of some complexity, due to the complications involved m the use 
of water vapour 
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The discusaion is a somewhat detailed one, neoeasarily so m the opimon of the 
authors, m view of the complex nature of the s3rstems studied It oommenoes with 
a r^eum^ of our present knowledge of the nature of the sorption of water and carbon 
bisulphide vapours by the oharooals of the particular types used—^pomts to a paral¬ 
lelism between certam results m the present paper and the sorption isothennals of 
water on charcoal—makes detaded suggestions regarding the nature of the different 
stages of the latter (adsorption of single molecules passing gradually over to the 
formation of a contmuous adsorbed film, with irreversible capillary condensation 
superposed)—explains the effect of an moreaaing water charge on the pressure of a 
constant carbon bisulphide charge in the hght of these suggestions—shows how the 
isothermals of carbon bisulphide on charcoals containing sorhed water are consistent 
with the same views 


The mammary gland of the rhesus monkey under normal and experi¬ 
mental conditions ByS J Folley, A N OuTHKEiiCH and S Zuckeeman 
{Communtcated by W E Le Gros dark, FR S —Received 13 July 1938 ) 
Examination of the mean mammary gland area of twenty six non pregnant normal 
female rhesus monkeys shows that over the body weight range 3400-6060 g the gland 
grows according to the simple allometnc law The first menstrual cycles of the rhesus 
monkey after puberty are usually anovular Until ovulation occurs, mammary glands 
grow by proliferation of their ducts, and alveoli do not appear to form untd after 
luteimzation has occurred 

Normally the mammary gland of the male rhesus monkey consists of a relatively 
uncomplicated duct system which docs not extend far beyond the base of the mpple 
One otherwise normal male showed a condition of gynaecomastia, with clumps of 
fully formed alveoh Thirteen male monkeys were injected daily with varying 
quantities of oestrone for periods ranging from 6 to 484 days Only one of these 
animals (one that was mjoctod for fewer than 16 days) failed to show duct prolifera¬ 
tion Only one showed alveolar formation, no alveoh being present m the two animals 
which received the longest treatment (368 and 484 days respectively) 

Only two of four female rhesus monkeys which were spayed before the beginning 
of the treatment with oestrone (37-366 days) showed alveolar formation Testosterone 
propionate appears to stimulate stunted duct development and alveolar formation 
in male monkeys 

No carcmoinatous changes wore observed m the mammary glands of any of six 
monkeys which were injected daily with oestrone either contmuously or for the major 
part of periods varying between 366 and 938 days 


The thermal decomposition of nitrous oxide By C N Hinshelwood, 
F R S and R M Lewis {Received 16 July 1938 ) 

Further experimental data relating to the thermal decomposition of mtrous oxide 
at 747" and 662° are recorded 

The variation of reaction rate with pressure is expressed both in terms of the 
reciprocal half tune of reaction and m terms of the imtial rates The two curves 
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obtained are Bunilar enough to Hhow that previous oonolusions based upon the half 
time curves are confirmed by the initial rate curve 

The mean value of the activation energy falls at lower pressures, and the absolute 
magmtude of this energy agrees with most previous determinations, but not with 
those upon which has been based a theory that the reaction is abnormally slow for 
oertam quantum mechanical reasons 

The influence of the products of reaction and of additions of mtrogen, argon and 
carbon dioxide has been studied There is a contrast between the action of {ugon and 
that of carbon dioxide m that the former has a relatively greater effect at lower than 
at higher partial pressures of nitrous oxide This fact is consistent with a greater 
complexity of the reaction mechanism than corresponds to the assumption of a smgle 
“quasi unimolecular ” reaction The nature of this complexity is discussed 


On the stability of flow between parallel planes By D Mbksvn 
{Communicated by L Bairstow, FR 8 —Received 20 July 1938 ) 

The equations of motion of a viscous fluid for the case of flow between two parallel 
planes are considered, and it is shown that at sulficiently high Reynolds numbers 
and sufficiently small wave lengths, neutral vibrations of small amplitude can coexist 
with a laminar flow For moderately large values of R neutral vibrations can exist 
only for discrete values of R and A, the wave length of the vibrations 


The band spectrum of silicon monosulphide and its relation to the band 
spectra of similar molecules By R F Barrow and W Jbvohs 
{Communicated by A Fowler, FR 8 —Received 21 July 1938 ) 

The spectrum of SiS is investigated m emission by heavy current discharges 
through a mixture of SiS vapour and argon In the region A258fi-3969 is a system of 
some 70-80 red degraded bands with single heads 

Hhesd = 36028 8 + (612 Ou' - 2 38m'* - 0 046m'») - (749 5m* - 2 86 m'*) 

(where m = i< +J) That the lower state is the ground state of SiS is proved by the 
fact that some of the band heads (with v' = 0 and 1) have been measured m absorp 
tion by 8i8 vapour In the region A3491-flie9 m the SiS discharge are about 70-80 
rod degraded bands, which form a part of a second extensive system, probably of 
SiS, with neither state m common with the first The vibrational frequencies for the 
upper and lower states are of the same orders for the two systems The first system 
almost certainly mvolves singlet states (either ‘Z" si or *17 ipt x'Z), wlulo the 
second system, which resembles the *27 *27 system of S, m appearance, may mvolve 

triplet states of SiS The first system occurs also m heavy current discharges through 
Al|Sj vapour and argon, and through BClf vapour and H«S, in siUca tubes, apparently 
without the second system The energies of dissociation of SiS m the ground state 
and excited state of the first system are about 6 0 ± 0 3 and 2 1 ± 0 6 eV respectively. 
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and the products of dissociation are probably unexcited atoms, Si('P) 4- S(’P) m each 
case The numerical constants for the ground states and certam excited states of the 
diatomic oxides, sulphides and selemdes of group IV (B) atoms are surveyed, and 
from the empirical relations described the constants for the expected systems of SiSe 
and Gebe are estimated 


The behaviour of polar molecules in solid paraffin wax ByR W Sillars 
{Commumcated by E V Appleton, FR S — Received 25 July 1938 ) 

The experiments described constitute an extension of previous work by Jackson 
and were carried out on solid samples of paraffin wax containing small concentrations 
of various long-oham esters The esters are of molecular typo similar to the wax, but 
have a permanent electric moment m virtue of the ester group Dipole effects similar 
to those found by Jackson are observed, and the variations of the characteristic time 
constants with temperature and with chain length of the esters aro studied Variation 
with temperature is approximately exponential, the exponent bemg about the same 
for each ester It is found that the time constant is a non Imear function of the total 
cham length of the ester molecule, but is relatively independent of the position of 
the eater group in the cham It is confirmed that the observed losses are due to dipole 
effects and not to some adventitious cause It is concluded that the whole ester 
molecule contributes to the time constant, and therefore that it behaves as a rigid 
structure and does not simply become deformed m the immediate neighbourhood of 
the dipole group This is in agreement with evidence from other sources The results 
do not suggest any simple relation between cham length and time constant, and a 
satisfactory theory to relate them has yet to be found 


The specific heat of /^-brass By R Eisenschnitz {Communicated by Sir 
WiUiam Bragg, FR S — Received 26 July 1938 ) 

A theoretical mvostigation is made of the sjjecific heat of fi brass The followmg 
assumptions are made m the course of the calculation The mteraction energies of 
the atoms vary with the square of change of volume, the energy minimum of the 
average of Cu Cu and Zn Zn energies lying at higher volume than the minimum of 
Cu Zn 

The partition function at constant volume is calculated according to the theory of 
Bragg and Wilhams, the corresponding partition function at constant pressure m 
obtamed by taking an average over the variable volume 

It IS shown that the specific heat curve can bo adjusted so as to give good agreement 
with experiment for temperatures below the maximum of speoifio heat 

The theory of Bragg and Williams is apphed to a lattice contauung a flmte number 
of atoms By mtroduoing this number, agreement is obtamed with the experimental 
slope of the C, curve beyond the maximum A theoretical estimate is made which 
justifies the introduction of this fimte number 

A general theorem of statistical mechames is derived, according to which all 
thermodynamical quantities m physically realizable systems are analytic functions 
of the temperature 
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The effect of solvents on the continuous absorption spectrum of bromine 

By R G Aiokin, N S Bayliss and A L G Rses {CmnmunuxUed by 
F 0 Donnan, F R S —Received 28 July 1938 ) 

The visible and ultra violet absorption spectrum of bromine has been mvestigatod 
m the following solvents water (2N sulphurio acid), cyclohexane, chloroform, carbon 
tetrachloride, benzene, chlorobenzene, toluene 

The weak ultra violet absorption of gaseous bromme is enormously enhanced in 
solution particularly by the aromatic solvents The smallest effect occurs in carbon 
tetrachloride, where considerable deviations from Beer’s law were found Absorption 
maxima in the ultra violet were found at 2600 A m cyclohexane, at 2726 A in ohloro 
form, and in the neighbourhood of 2960 A in the aromatic solvents 

In the region of the visible oontmuum, the non aqueous solvents cause a marked 
increase m absorjition intensity combined with a small or zero shift of the maximum 
towards the ultraviolet Water causes a large displacement (1760 cm-'-) of the 
maximum to higher froquoncios, but only a very small increewe in intensity If the 
A component of the visible contmuum is complex, the displacement of the maximum 
in non aqueous solvents can be interpreted as due to a greater solvent effect on 
■*- *21’,^ than on *//o+ *- The transition ‘/Z,, ■«- is less affected still 
Diifioulty 18 found in interpreting the observations if the B continuum is complex 
and A sunple 


Oscillatory motion of a fluid along a circular tube By D G Chbis- 
TOPHEESON, A Gemant, AHA Hooo and R V Southwell, F R S 
(Received 26 July 1938 ) 

This paper is concerned with oscillatory motion (either free or forced) of a viscous 
flmd along a circular tube the restonng force comes m both instances from the 
“gravity head” which results from the passage of fluid Part I is a theoretical dis 
cussion of the problem Part II deals from a practical standpoint with complioatmg 
factors (e g turbulence, or meniscus and other end effects) which the theory does not 
take into account, and briefly discusses the possible application to viscometry 
Part III gives the rosulte of experiments made to test the predictions of Parts I and II 


The surface migration of barium By M Benjamin and R 0 Jenkins 
(Communicated by R H Fowler, FRS —Received 27 July 1938 ) 

It IS found that under similar vacuum conditions barium does not migrate over 
tungsten, although thorium does It is also shown that barium does not migrate over 
nickel 
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The yield of mild steel, with particular reference to the effect of size of 
specimen By J L M Morrison (CommuntccUed by Jt V ScnUhweil, 
FR S —Received 28 Jvly 1938 ) 

The paper descnbea an mveatigation earned out to determine by means of teste 
imder vanous conditions of uniform and non uniform stress distribution the cntenon 
of yield in specimens of mild steel 

Apparatus is desonbed for heat treating material after machining m such a manner 
as to avoid surface docarbunzation, and for determining the stresses at yield of 
specimens tested m tension, compression, flexure, torsion and combmed tension and 
torsion Experiments are described which mdicate that the material used is uniform 
and isotropic, and the results of certain earlier investigations are compared with those 
found m the present paper 

No differences are found between the yield of mild steel m tension and compression 

The teste in combmed tension and torsion give results m accordonco with the theory 
of yield at a critical value of the shear stram energy stored per umt volume of the 
material It is later shown that this result is due to the size of specimen tested 

Teste in tension on solid specimens of varying size and on thin tubes mdicate that 
the character of the yielduig of mild steel is a result of the polycrjstallme nature of 
the material 

It IS shown that in all cases of non uniform stress distribution the yielding depends 
on the size of the sjiecimen The explanation advanced to account for this result is 
that m such cases yield is delayed until a shear stress not loss than the shear stress 
at yield under umform stress is applied to a thickness of material of the order of a 
few crystal diameters 

The band spectrum of antimony fluoride (SbF) By H G Howell and 
G D Rochester (Communicated by W E Curtis, F R S —Received 
28 July 1938 ) 

The spectrum of SbF has been producetl in active nitrogen and also by means of 
a high frequency discharge It consists of three groups of bands lymg m the regions 
3600-6000, 2600-2700 and 2200-2430 A Most of the bands m the first region had 
already been shown by Rochester to belong to two systems The remaining bands 
in this group are hero allocated to a third system As tfae vibrational constants of 
these three systems ore very nearly the same they are considered to be due to transi 
tions between tnplet electromc levels Similarly, the ultra violet bonds form a 
triplet system, one component being m the region 2600-2700 A and the other two 
between 2200 and 2430 A The final state is common to both triplet systems and is 
probably *n The multiplet separations of the states is not known nor is the nature 
of tlie other electronic levels 

The vibrational constonte of all the SbF systems are as follows 
V%«tble triplet ay stem 

V, W,' X,V3,' W" 

21887 5 411 8 1 71 616 9 2 80 

23002 5 420 0 1 76 612 6 2 68 

412 0 2 36 612 6 2 66 


27912 0 
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llUra vwlet tnplet nystem 

V, W,' W/ XfW," 

37937 6 690 9 1 09 616 6 3 19 

43613 7 098 8 1 93 612 6 2 63 

44760 700 — 612 — 


The comparative behaviour of mammalian eggs tn vtvo and tn vttro 
II The development of fertilized and artificially activated rabbit eggs 

ByG PlNCirs {Communicated by J Hammond, FRS—Received i August 
1938 ) 

This paper describes 

(i) the sequence of changes occurring between sperm attachment and the first 
cleavage division in rabbit ova nonnally fertilized m vivo, 

(u) the oytologioal changes occurring in unfertilized rabbit ova during their sojourn 
m the fallopian tubes, 

(m) the oytological behaviour of unfertilized ova subjected to five octivatmg 
treatments (expiosuro to (a) hypertonic solution, (6) supronormal temperatures, 
(c) treatment with rabbit sperm, (d) treatment with rat sperm, and (e) culturing m 
a moist chamber) is categorized, and the various events ensuing upon activation are 
descnbod and discussed, 

(iv) the effects of varying the intensity and duration of the hypertonic solution 
and heat treatments, 

(v) the results of treating rabbit ova with the spermatozoa of six species of mammal 
other than the rat and rabbit, 

(vi) a senes of transplantations of artificially activatoil rabbit ova 

These experiments are taken to demonstrate that (1) both ovanan and tubal ova 
activated by these treatments tn mtro will in varying degrees exhibit development 
comparable to that of normally fertilized eggs, (2) the initiation of activation is on 
all or none process though its continuation probably is not, (3) haploid, diploid or 
tetraploid parthenogenesis results from the treatments employed, (4) the intervention 
of atretic processes may arrest the development of activatixl eggs at any develop¬ 
mental stage, (6) foreign sperm may activate rabbit eggs to a limited degree, but, 
except m certain instances with rat sperm, the foreign sperm do not penetrate the 
zona pelluoida of the rabbit eggs, (6) livmg young may arise from artificially activated 
eggs, but only m a limited number of cases 


The heat of shortening and the dynamic constants of muscle By A V 

Hill, Sec R S {Received 3 August 1938 ) 

Further improvements m thermopile and galvanometer systems are described 
which have made it possible to read the imtial heat production directly from photo 
graphic records, m absolute umts and (for most purposes) without analysis 

When a muscle shortens, in a tetamcally mamtamed contraction, it liberates extra 
energy m two forms, (i) as “shortening heat”, in amount proportional to the shorten 
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mg, and (u) as external mechamoal work The shortening heat is independent of the 
load, and therefore of the work done and the speed of shortening fhe rate of energy 
hberation, i o of work + heat, is a Imesu' function of the load, mcreasing as the load 
dimmishes 

The ‘dynamic constants” of muscle, in a mamtamed contraction, are dofmed and 
measured They are 

а, the shortening heat per cm of shortening, 

Pq , the isometric tension, 

б, the increase of energy rate per g wt of load 

At any temperature these quantities are very constant o/Pj is mdepeiident of tem 
perature, b has a temperature coefficient of about 2 05 per 10°C A “characteristic 
equation ” la deduced for the speed of shortening v under a load P, viz 
(P + o) {v + b) = const 

This equation is very accurately obeyed By fitting it to observations of v and P, 
the same constants a and b are obtained as are given by heat measurements 

When a contracting muscle is made to lengthen gradually by applying a load 
rather greater than the isometric tension there apfiears to be a negative heat of 
lengthening, and the total energy given out by the muscle is loss than m an isometric 
contraction The energy relations m lengthening are the converse of those m shortening 
and seem to bo governed by the same rules 
The nature of the shortening heat, and the mechanism by which the energy rato 
IS governed by the load are discussed It is suggested that the chenucal processes by 
which energy is liberated involve certain active pomts in the molecular maohmery, 
and that when these are occupied in attracting one another and producing a tension 
they are not available to take part m chemical reaction 

The work done by a muscle m raising a load, or m overcoming an elastic resistance, 
18 transformed mto heat in relaxation 

The “visco elasticity” of contracting muscle is shown to be the property of a 
two-component system, the one component being undamped and elastic, the other 
being governed by the characteristic equation (P-^«) (e-)-6) = const, and its corre 
spending energy relations The fact that an active muscle shortens more slowly under 
a greater force is due, not to “viscosity” but, as Fcnn has claimed, to the manner in 
which the energy hberation is regulated A large force causes a low energy rate, 
which results in a low speed 

From this con bo deduced (i) the form of the isometric contraction, (ii) the form 
of the force distance curves made, at constant velocity, by the Levm Wyman ap 
paratus, and (iii) that the greatest rate of doing external work should occur with a 
load equal to about 30 % of the isometric tension 


The specific heat of gases at high temperatures By R W Fenning and 
A C Whiffin {CommuntccUed byWL Bragg, FR 8 —Received 3 August 
1938 ) 

(o) Introductory {reaaonafor enquiry) At the tune this mvestigation was authorized 
there was some uncertainty as to the accuracy of tho “accepted” values of the 
molecular heat, at high temperatures, of the gases which comprise the workmg fluid 
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of the internal combustion engme, and m view of the experience that had already 
been gamed at the N P L in connexion with gaseous explosions m closed vessels, 
it was recommended that a redetermination of this fundamental physical property 
should be attempted 

(6) Range of tnveettgation By carrying out explosions of mixtures of the typo 
(2 + a) CO + 0| + bAr and replacmg the argon m turn by CO, N, and CO,, values have 
been obtamod of the moan molecular heat of those gases between 373° K and 
about 2370, 2B60, 2930 and 3060° K By balancing the heat losses m each group 
of explosions, the direct measurement of such heat losses was avoided although their 
magmtude could eventually be obtamed from the heat capacity equations 

Determmations have also been made of the mean molecular heats at constant 
volume of H, and H,0 (gas), the measurements being made from 373° K to 
temperatures ranging from about 2100 to 2900° K Although the highest tem 
perature is considerably below that attained m the case of CO, N, and CO,, it is 
believed to be a considerable advance on earlier work, the temperature extension 
bemg obtamed by the substitution of nitrous oxide for oxygen in the explosive 
mixtures The H, and H,0 detemiinations are dependent on heat loss measurements 
for which a special device was employed 

(c) Conclusions The values obtameil fur the moan molecular heats at constant 
volume of CO, N, CO,, H, and H,0 (gas) are represented by the following equations 
over the specified temperature ranges 

Between 373° K and lemperaiurea ranging from 2360 to 3070° K 
C(o = 4 864 + 0 0,77265r-0 0,876r*, 

= 4 796 + 0 0,7676T-0 0,8762’», 

('to, = 8 631 + 0 0016222’-0 0,16ir‘ 

Between 373°K and temperaturea ranging from 2060 to 2930°K 
= 4 089 + 0 0,963T - 0 0,98r*, 

C'h,o = 4 874 + 0 002284T-0 0,266r*, 
where T = upper temperature in degrees Centigrade absolute 

Those values are compared with molecular heats deduced by other mvestigation 
from spectroscopic data and, for the ranges specified above, represented by 
Cc,o = 4 966 + 0 0,7018r - 0 0,8127’*, 

Cjj. = 4 833 + 0 0,72247’-0 0,8227’*, 

Cco*. - 8 672 + 0 0016667’-0 0,187’*, 

6 ’h, = 4 369 + 0 0,64747’-0 0,4867’*, 

Ch.O = 6 244 + 0 0018937’-0 0,1947’* 

The difference between the two sets of values is comparatively small and if equal 
weight be given to each, the appropriate equations would be 
Cco = 4 904 + 0 0,73712’-0 0,8447’*, 

C’n, = 4 814 + 0 0,7467’-0 0,8497’*, 

Cco, = 8 661 + 0 0016387’-0 0,1667’*, 

Ch. = 4 229 + 0 0,80027’-0 0,7837’*, 

C'h.O = 6 069 + 0 0020897’-0 0,2267’* 
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A further study of the problem of nuclear isomerism the application of 
the method of coincidence countlnil to the investigation of the y-rays 
emitted by uranium Z and the radioactive silver By J V 

Dtjnworth and N Feather {Communtcaied by E V Appleton, FR 8 — 
Received 3 August 1938 ) 

The apphoation of the method of comeidenoe oountmg by electrical means to the 
study of the time correlation of nuclear processes—particularly that of successive 
quantum emission—is discussed in detail It is shown that a knowledge of the energy 
dependence of the sensitivity of the counters is essential for any mterpretation of the 
results of such experiments For the y ray counters employed m the present mvestiga 
tion some information on this point has been obtamed by the use of sources of 
thorium active deposit of short and long exposure In the course of this work the 
general validity of the ideas of Ellis and Mott {1933) and of the nuclear level schemes 
of Oppenheimer (1936) has been established Also the paired quanta of the annihila 
tion radiation of positrons liave been utilized m the cahbration 

A study of the y radiations from UZ and the long liveil modification of Ag'“ by 
the coincidence method has shown, in the former case, the emission of two quanta 
m succession m a very large fraction of the dismtegrations, and, m the latter, the 
emission of four or five quanta m succession in the most probable mode This result 
is m general accord with the view that nuclear isomers are to be distinguished one 
from the other by a small difference in energy content and a large difference m 
angular momentum The particle emission from the short and long lived modihoations 
of Ag**** has also been studied It appears probable that the negative electrons of 
the long period activity are internal conversion electrons associated with nuclear 
transitions following K electron capture, rather than that they represent a distmct 
mode of dismtegration of the long lived rodioelement, Ag‘“ 


Relaxation methods applied to engineering IV Problems relating to 
elastic stability and vibrations By K N E Bradfibld, D G Chris- 
TOPHERSON and R V Southwell, F R S {Received 3 August 1938 ) 
Preceding papers m this senes have been concerned with umque solutions this 
paper deals with problems such that a complete solution would define an infimte 
number of configurations, all satisfymg the governing equations and the termmal 
conditions, but each associated with some particular value of a critical loading or 
frequency (the “characteristic number”, or eigenwert) The strut and vibrating rod 
(of non uniform section) have been chosen for detailed treatment as the sunplest 
examples, respectively, of elastic stability and vibrations, but the pnnciples as 
distmct &om the details of our “relaxation” treatment are qmte general, and they 
provide a new method of attack on problems which are at once difficult and important 
In both problems the relaxation method appears capable of determining, with 
more than sufficient accuracy for practical purposes (when dimensions etc are not 
known exactly), not only characteristic numbers but also the mode associated with 
each (The modes are not determined by the well known theorem of Lord Rayleigh ) 
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The nature of sliding and the analysis of trlction ByF P Bowden and L 
Lbbbk {Communicated by O I Taylor, FR 8 —Received 8 August 1938 ) 

A detailed analysis of the kinetic friction between moving metals shows that the 
frictional force does not remain constant during sliding Sliding is not a oontmuous 
process the motion proceeds in jerks, and large and violent fluctuations occur m the 
fnotion In the case of dissimilar metals the top surface sticks to the bottom one 
and moves with it until, as a result of the gradually mcreasing pull, a sudden and 
very rapid slip occurs The process is then repeated mdelinitely A simultaneous 
measurement of the surface temperature shows that this too is fluctuatmg and, at 
the instant of slip, there is a sudden temperature ‘ flash” 

Th e exact behaviour depends upon the relative physical properties of the metals, 
jiartioularly on the melting point, and there is evidence that three distinct types of 
slidmg may occur The experiments suggest that friction is due to a welding together 
of the metals at the local pomta of contact These metallic junctions are large com 
jiared with the dimensions of a molecule and when they are broken the metal is 
distorted to a considernblo depth 

Even if the surfaces are lubricateil with rauieral oils or other lubricants an mter 
mittent clutching and breaking away of the surfaces occurs and the behaviour may 
be essentially the same Certain long chain fatty acids may prevent stick slip and 
allow oontmuous sliding to take place 


The area of contact between stationary and between moving surfaces By 

P P Bowden and D Tabor {Communicated by 0 I Taylor, FR8 — 
Received 8 August 1938 ) 

An estimate of the real area of contact between stationary and between movmg 
metal surfaces has been made by electrical and by visual moans Expenments with 
stationary surfaces show that the area of mtunate contact is very small It varies 
with the pressure, but for flat steel surfaces it may be leas than one ten thousandth 
of the apparent area Tlie real area of contact is not greatly affected by the size, 
shape and degree of roughness of the surface it depends mainly on the pressure, 
The general behaviour is consistent with the view that the surfaces are held apart 
by small irregularities This moans that even with lightly loaded surfaces the local 
pressure may be sufticiently great to cause the steel to flow plastically This oonolusion 
IS supported by the observed relation between the pressure and the eleotnonl con 
duotmty The slope of such a curve mdicates that, at the pomta of contact, plastic 
flow of the metal has occurred Although the stresses may cause elastic deformation 
m the bulk of the metal, the experiments suggest that the irregularities on which 
the bodies are supported are crushed down until their cross section is sufficient to 
enable them to support the applied load 

Measurements made with movmg surfaces show that the area of contact u not 
constant but is fluctuating rapidly durmg slidmg A detailed analysis shows a 
remarkable correlation between these fluctuations and the frictional and temperature 
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changes descnbed m an earlier paper It is clear that an intermittent clutching and 
breaking away of the surfaces is taking place and the results support the view that 
metallic junctions between the metals mo being rapidly formed and broken The 
nature of these junctions depends on the relative physical properties of the two metals 
and there is agam evidence that three mam types may occur 
The conductivity measurements show that oven if the metals are lubricated with 
mmeral oils and other lubricants, metallic contact may still occur through the film 
of lubricant When the surfaces shde, fluctuations m the area of contact are observed 
and the liehaviour may be essentially the same as for unlubricated surfaces 


Visual pathways concerned In gonadal stimulation in ferrets By W E 

Le Gro'i Clark, F R S , T McKeown and S Zuokeeman {Recetved 
10 August 1938 ) 

At the bogmnmg of the non breeding season lesions were maiie at various levels 
m the visual pathways of the brams of female ferrets The animals wore then exjxised, 
at the end of each day, to bright artificial illumination for 6 hr and 30 mm m order 
to discover whether or not they would come mto heat during the anoestrum Normal 
control animals, and ferrets whoso optic nerves had been divided were exposed to the 
same conditions, while normal control animals were also kept under ordmary 
laboratory conditions 

The ferrets whose optic nerves had been divided either did not come mto heat at 
all, or came mto heat much later than the control animals All the other animals 
come mto oestnis either within or soon after the control period set by the normal 
animals exposed to additional light The experiments showed that the normal response 
to visual stimulation occurs m the absence of the superior colheuh, when all retinal 
impulses to any part of the imd brain have been mterrupted and when retmal 
impulses to the dorsal nucleus of the lateral gemculato body and the visual cortex 
have been completely mterrupted Unless a few isolated normal cells m the dorsal 
nucleus of the lateral geniculate body provide the basis for adequate cortical stimula 
tion, it was also found that a normal response can occur m the combined absence of 
the visual cortex and the superior collicuh, while another experiment strongly 
suggested that it can occur even after the mterruption of retmal impulses passing 
to the dorsal nucleus of the lateral gemculate body, visual cortex, superior colliculi 
and pretectal area This being so, the conclusion is suggested that the visual response 
depends on impulses passing either to the ventral nucleus of the lateral gemculate 
body, or to the subthalamus by way of the accessory optic tracts 

These results are discussed m relation to views on the exteroceptive stimulation 
of the pituitary m general and to the question of pituitary innervation m particular 
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Growth and development In the pig with special reference to carcass 
quality characters ByC P McMeekan (Communicated by J Hammond, 
FR 8 —Received 8 Auguti 1938 ) 

Caroaaa quality lu the moat animal is defined, in terras providing a fundamental 
basis for its scientific study, as being dependent upon the proportions of the body 
and upon ite relative composition in the terms of bone muscle, fat and offals On 
the hypothesis that those characters are determined by growth and developmental 
changes, and that such changes are themselvi^ oontrollod by hereditary and envuon 
mental influences, a senes of experiments was designed to provide the knowledge 
of the principles operative, essential to increasmg mans effeotne control over the 
ammal body 

The composition of the bodies of some se\enty closely inbred pigs of the Large 
White breed has been studied by complete anatomical dissection m the laboratory 
Analysis of postnatal changes with age utuUr normal conditions has established 
the general order m development of the Ixidy proportions, tissues and anatomical 
umts The different parts and tissues exhibit marked differential growth, so that the 
existence of well defined growth gradients in the pig has been demonstrated 

The influence of quantitative differences in the plane of nutrition, operative from 
birth for the first 16 weeks of life, is such that the differential response of the different 
parts and tissues is dependent upon their differential growth relationships 

Complex experiments over the productive life of the pig as a meat producing 
animal afford convmcmg evidence of the mfluence of the nutritional environment 
as a directive and controlling force m the development of the ammal body The 
shape of the growth curve is revealed as a dominant factor m this connexion Major 
modifications m form and anatomical composition do not occur as isolated effects 
but as orderly changes spread over a number of correlated parts 


AbstrscU 


[ S113 ] 





S 114 Abetracta of Pcipera 

By eatabbshing the quantitative relationships between “internal” and “extemtd” 
body measurements, and the anatomical oompoflition, a soientifia basis has been given 
their use m the study of oaroass quality in the pig 


A new theory of melting-points By F C Frank {Communicated by 
N V Sidywtck, FR 8 — Received 11 August 1938 ) 

The only satisfactory existing theory of meltmg is the purely phenomenological 
therraodsmaimc description This reveals no connexion with existing molecular 
theories, such as Lmdeinann’s, and stands to some extent m contradiction wth 
these The modem recognition of order m liquids and disorder in soUds raises the 
problem of explaining why there is an abmpt jump m physical properties on melting 
at all, instead of a contmuous change, only showing disoontmuity m a derivative 
quantity, e g in specific heat Peierls has already succeeded m showing that dis 
contmuity in certam properties is necessary 

In this paper the Bragg and Wilhams theory of order disorder transformation is 
applied to meltmg The basic assumption for this application is that the mcroasmg 
disorderlmoss of a crystal near, and iii faction above, its melting point can be described 
by a contmuous numerical measure An essential deviation from the cases considered 
by Bragg and Williams is that the lattice loses its rigidity on approaching states of 
low order This causes one to anticipate a change of form m the V{S) curve of Bragg 
and Wilhams such that the transition is regularly one of first order, whereas their 
cases could readily be of either first or second order, m sensitive dependence on minor 
changes of circumstance 

According to this mterpretation there are critical temperatures above and below 
the melting pomt limiting the range of existence of the raetastablo (superheated and 
supercooled) states The probability that transformation will commence becomes 
great as the critical temperature is approached It is shown that the meltmg point 
may be expected to he much closer to the upjier critical pomt than the lower one, 
which may m certain circumstances be near the absolute zero This explams why 
It IS unpossible to keep a crystal m the superheated state, but sometimes necessary 
to supercool to very low temperatures to produce crystallization nuclei m a liquid 


Proi^resslve lighttting VI By H Collens, D J Malan and B F J 
SOHONLAND, F R S {Received 16 August 1938 ) 

An account is given of some apparently anomalous lightnmg dischargee observed 
with the Boys camera, and it is shown that their behaviour is m accordance with the 
same principles as govern the more usual type of discharge 

Certain abnormal first leader processes occur m two stages, the first rapid and the 
second mvolving a velocity close to the hnuting value for negative streamer propaga 
tion The first stage is considered to arise from the presence of space charge oonoentra 
tions m the air below the cloud Dart streamers may travel down from the cloud 
during the second slow stage and catch up with the leader tip 
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Changes in the lower portions of the channels used by successive strokes of the 
same flash are shown to be associated with long time mtervals between strokes, 
whereby the conductivity wid guiding power of the previous track is destroyed A 
case of change m the upper portion of the channel is ascribed to the existence of 
a second centre of charge withm the cloud 


The fi-ray spectrum of Ra E By L H Martin and A A Townsend 
{Commumcated by T H Laby, FRS —Received 15 August 1938 ) 

The /? ray spectrum of Ra E has been studied by means of a magnetic spoctro 
meter, the magnetic field for which was provided by an annular electromagnet, and 
has a geometrical form ospocially suitable for p ray analysis 

Special attention was paid to the effect on the distribution of back scattering 
m the source support, and absorption in the window of the counter The former was 
found to disturb the shape of the distribution to a greater extent than is generally 
appreciated With the source mounted on thin mica and after corroctuig for absorp 
tion m the wmdow of the countei, the maximum of the ilistnbution was placed at 
1210 gauss cm , a value much fuither towards the low energy end of the distribution 
than has usually been found 'I ho average energy of the P particles is m good agree 
ment, howevet, with the calorimetric \alues 

Both the i ermi theory and the modification of Konopinski and Uhlenbeok com 
pletely fail to describe the experunontal distribution The high energy lunit was 
placed at 6396 gauss cm 


Optical thickness of the transition layer between transparent media 

By H D Bruce (Communicated by J W McBain, FRS —Received 
10 August 1938 ) 

In view of the use that is being made m recent years of the properties of reflected 
plane polarized hght to dotermme the nature and thickness of the adsorbed or tran 
sltion layer, the theories of Dnide anil Maolauiin are discussed and found to reduce 
to an identical form not {lennitting of mathematical siparation of thickness and 
refractive mdex of the transition layer not even by the use of a senes of observations 
as simultaneous equations It is shown that the muiimum thickness of the adsorbed 
layer compatible with the equations is derived bv assuming the refractive mdex of 
the adsorbed layer to bo the geometrical mean of the indices of the two media 


The spectral variation of the photosensitivity of visual purple By 

C F Goodeve, R J Lythoob and E E Schneider (Communicated 
by C A L Evans, FR S —Received 18 August 1938 ) 

The photochemical bleaching of visual purple was measured quantitatively at 
wave lengths ranging from 440 to 690 m/t using the method of photometric curves 
described previously The experimental arrangement mcluded a new high intensity 
Hilger monochromator 

14 3 
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The resulte obtained for the photoaeneitivity of viaual purple ehow that the quantum 
effloienoy of bleaohmg u eeeentially constant and of the order of uiuty ever the whole 
wave length range These facts lend further support to the previous arguments on 
the mechanism of the bleaching process 

The spectral variation of the photosensitivity is compared with the sootopio 
lummoaity curve and good agreement between them is found The signifioanoe of 
this result for the theory of sootopio vision is discussed 


A quantitative Investigation Into the enterohepatlc circulation of bile salts 

in the cat By J Mellanby, F R S , and S F Suffolk {Received 
23 Augtiat 1938 ) 

In a fastmg oat about 9S % of the total bile salt is contained in the gall bladder 
bile The hepatic bile, continuously secreted by the liver, contains only traces of 
bile salt In the fed oat the volume and bile salt content of the hepatic bile shows 
a large mcrease, whilst the gall bladder contains only a small quantity of relatively 
dilute bile The removal of the small mtestino causes an immediate fall m the ohoho 
acid content of the hepatic bile to that found m the fasting cat 

Bile salts are absorbed more rapidly from the ileum than from the duodenum and 
jejunum A small amount of absorption occurs in the largo intestme, but the absorp 
tion of water takes place much more rapidly than that of bile salt Consequently 
the ongmal concentration of bile salt may be mcreased fivefold m the unabsorbed 
bile Bile salts mjeoted mto the blood are rapidly excreted m the hepatic bile They 
are non threshold substances in respect of the bibary apparatus Bile salts are not 
stored m any tissue outside the enterohepatic system The mtravenous mjeotion of 
secretin increases by 60 % the volume of bile secreted by the liver It has no effect 
on the total quantity of cholic acid contamed m the bile Its action is therefore that 
of a hydrogogue 

Stimulation (acetyl cholme) or paralysis (atropine) of the parasympathetic nerves 
to the liver has no influence on the volume or cholic acid content of the bile 
Stmiulation of the sympathetic nerves to the liver (adrenolm) diminishes to a small 
degree the volume of the bile secreted but augments the total amount of ohoho acid 
contamed m it The sympathetic nerves may stimulate the formation of chohc acid 
from some mactive precursor by the liver cells 

After removal of the bile from a fastmg oat, two thirds of the chohc acid is 
re synthesized m 2 days if the animal feeds well In the absence of eating no synthesis 
of ohoho acid takes place 

A oat contains approximately 100 mg of cholic acid per kg body weight A rat 
contains approximately 26 mg cholic acid per kg body weight The rate of flow of 
bile per unit of body weight is about six tunes as great m the rat as m the oat 
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Determination of lung volume a simple constant volume modification of 
Christie’s method By F J (' Hbbrald and J McMkhabl {Communi¬ 
cated by C G Douglas PHS—Received 11 Aiujusi 1038 ) 

It hna been shown that tlie rntthod of estimating lung volume by oxygen dilution 
from a spiromtU'r as rcconuuendeil by Chnstie is liable to a (. onsiderable error owing 
to the fac t that the \ oliime of t ho whole lung Hjaroineter systi ni is undergoing a steaiiy 
diminution and that oven mixing of tho gases is ne\ or achiovod throughout thosyutem, 
Tlie error is most pronounced at fuiii tional residual air values o% er 3 I Tho error may 
bo eluumut-ed bj adding oxygiii to tlu sysbuii at a luufurm rate so os to keep the 
voliune of the liuig spiromeUr systi'm approximately constant tliroughout tho 
mixing period 

Tlie standard error of single deP rnunationa is 0 18fi I 


^e lung volume and its subdivision in healthy males By E A Aslett, 
P D’Arcy Hart and J McMichael {Communicated by C G Douglas, 
FRS—Received 11 August 1938 ) 

The lung volume subdivisions of sixty tour normal main subjoits has boon deter 
mined m the sittmg position The result.S have lieeu analywvl statistically and cor 
relateil with various physical and ratliological moaaureinonts Prom the regi-eesion 
equations, formulae have been ostimatwi for predicting tho more important lung 
volume subdivisions The best methoii of finding total lung volume is from a formula 
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using the product of radiological chest area and anteio posterior chest diameter, 
the vital capacity may be reasonably preilictwl from height or surfaoe area 

It has also been observed that the changes in body build occurrmg m obesity are 
associated with deviations from the more common arrangement of the lung volume 
subdivisions when those are expressed as percentages of the total lung volume 


Quantitative methods In psychology By Lkwis F Kichabdson, F R S 
(Received 20 Aivguat 1938 ) 

In his opemng address to a diseussion on this subject (Proc Roy Roc B, 125, 416, 
1938) Dr C R Mjors has assorted that ‘ We can never say that one exiienenced 
sensation of soimd has twice the intensity of another ” 

A research on this question was made by L b Ili< hartlson and J 8 Boss (J Gen 
Psychol 3,288-306, 1930) Thi expenmentei passed different el«s tri( currents of tlie 
same frequency tlirough a tolejihoiii and the observer, who was kept in ignorance 
of the «urrents, was asked to assign numbers to tbe loucbiess in comparison with that 
of a standard current which liy convention was taken to prcxliice unit loudniws 
Each of our (>lovnn observers succ* edi d in making sin h numerical ini'iital istunates 
One of the observers was Dr (' h Mjers Inmsi If and a summary of his results appears 
m the jiiiblicatum aforesaid The original laboratoi> nobs show that 1 acted as 
experunenter towards him on 17 August 1928 Ihe record of thi mental estimates 
IS in Dr Myer s handwriting, and shows t hat to different telephone currents he assigned 
loudness ratios ranging from J to 6 One of Ins estimates liappenod to be 2 I hod 
previously explained to him that Two would mean twice as loud” 

Those who ore in iloubt about the possdnUty of quantitative c«tmmtea of mental 
events are reejuostod to refer to the forthcoming mtcnin report by a committee of the 
Bntiah Association (bections A and J), where the question is argued from various 
some of them oontrarj, points of view I would particularly direct attention to 
Dr Semeonoff’s summary of experimental work on intuitive ostiniatee by independent 
investigators in England and America 

This paper, being identical with its abstract, will not be pubhshod m the Pro 
ceedings 


Micnirgical studies on virus Infected plants By F M L Sheffield 
(Communicated by R N Salaman, FRS —Received 26 August 1938 ) 

Cells of virus infocteil plants were oxainineii by inicromanipulative methods 
The pH of the cell contents was found to bo the same m diseased and m healthy 
plants 

The non crystalhc intracellular mclusions of aucuba mosaic disease of tomato 
disintengrate immediately on slight meohamcal pressure or on pricking They are 
almost unaffected by acids from pH 7-2 2 They break down if the osmotic pressure 
IS reduceil below 0 07 M, but can be isolated mto solutions of 0 1 M Those mclusions 
contain virus, but virus may also bo dispersoil through the cell 

Tlie striate material of tobacco and enation mosaics cannot be isolated, for im 
mediately it is touched with a micro needle it breaks down mto needle like fibres 
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The development of the spark discharge II By T E Allibonb and 
S R Mbek {Oommuntcated by S R Milner, FR S —Received 26 August 
1938 ) 

A further account is given of the dovolopmeiit of the high voltage olectric spark 
in air at pressun h ranging from 76 to 0 3 em Hg The account ih based on photographs 
taken with a rotatmg film camera Many photograplis were synchronized with voltage 
and current oscillograms of the spark 

The leader stroko/main stroke meclianism established for tile lightning flash and 
the spark at atmospheric pressure is shown to persist at all pressures down to 1 cm 
Hg The velocities of the leader strokes have Iks n measured under a variety of circuit 
conditions The pieouharitios of the oscillograms of breakdown first noted by Rogowski 
and his school are explaineti m terms of smgic and multiple leailor stroke formation 
As the pressure is n duood the positive Icailir stroke develops at the expense of the 
negative leader stroke and the separate stages of the stepped leader stroke develop 
ment are more clearly enhanoeil 


Ionic recombination in air By J Sav ers (Communicated by E V 
Appleton, FR 8 —Received 26 August 1938 ) 

An experimental study has been mailc of the recombination of ions in air It is 
found that, up to pressures of 1 atm , the recombmation coelUcieiit vanes with pressure 
in a manner which is eiccuratcly predictiil by the theory of J J Thomson, that is, 
the recombination cm fticioiit vaiiea pro|>ortioiially witli the pressure up to about 
100 mm , thereafter varying loss rapidly as I he pressure IS increased until,at 1000mm , 
the recombination coefficient becomes pressure independent 

The apjiarcnt variation of the recombination i oofflcit nt with the ionization m 
tensity, noted by other workers, has lieen confirmed and cxplaineil as being duo to 
the formation, by the ionizing rays of complex molecules such as ozone, new experi¬ 
mental evidence m favour of this explanation liciag adduced 

A number of subsidiary experiments have yielded detailed infonnation concerning 
tlie nature of the recombmation process from which the inaoeuracies in provnous 
work on this subject may be appreciated 

Using tlie new values of the recombination coefficient for air, it has been possible 
to calculate the equilibrium ion density and the electrical oonductivoty at various 
levels m the lower atmosphere For this purpose the rates of ion production measured 
by Rogener by means of sounding balloons have been employed Tlie results so 
obtained are shown to agree very closely with the direct moasuremonts of the 
atmospheric conductivity mode in the stratosphere ascent of “ Explorer II " at South 
Dakota by Stevens and Anderson 
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Molecular Interaction In monolayers III Complex formation In lipoid 
monolayers By J H Schulman and E Stenhaqen {CommuntccUed by 
E K Rideal, FR R —Received 29 Avgust 1938 ) 

Two new mothoda uro doscribed for investigating the process of penetration of 
monolayers by substances injected into the siibatrate In one the monolayer is 
conflntMl by a movable barrier and maintained at constant pressure by moans of a 
non reactive piston fluid, the area change on injection being noU'd In the other an 
elec trically operated Langmuir trough is employed, the slide' retaining the monolajer 
travelling automatically so as to retain the monolayer nt constant pressure during 
the process of penetration or ejection of one constituent 

It IS found that molt-cules containing ring systems such as digitonin, on jienetrating 
a ring structure monolaytr such us oholi sterol form only 1 1 comjiloxos, a number 

of cases of sjieciflc jienetrntion in these sjstcnis aie examined A saturated chain 
molecule such aa sodium cetyl sulphate jxnetrating a ring structure monolayer 
such US cholesterol, forms a I 1 complex The collajiso presaurt of the oomiilox is 
found to be dejiendent on the concentration of th< reactant in the substrate and to 
lie in equilibrium with it The ditfi rtiico in surfaco free energies of formation of the 
eomiilox with different bulk com ent rations of reactant can bo evaluated both from 
the surface prossuio diffinmis ns well os from the variations in the bulk con 
(entrations thus showing an exjw nmental justification of Gibb s Law and that the 
complexes behavi as ihoinicnl fompoiinds Other examples of this tyfHi wore found 
to form complexes of composition both of I 2 and I 1 Saturated chain reactants, 
og sodium cetyl sulphate on penetrating saturated dinm monolayers i g cetyl 
alcohol fonn stabli lomplexes of lomposition I S and 1 1, whilst an unstnblo 1 2 

complex tan be identihed under cortam conditions Tho rate of dotomjwsition of a 
complex monolayer at constant prossunv follows the unimolecular law 

Tho presente of I 3 and I I complexes giving solid mixcxl monolayers with 
saturated chains and of 1 2 and I I complexc's with tranii unsaturatod chains 
suggests that tho monolavcr lattices of these comjilexes corrcsjiond to diflFerent 
‘ crystal symmetries or types and if this proves to be the ease on crystallographic 
examination Patterson’s classihcation ajijvoais to be applicable 

Marked difterencos, due to as and Irans isomerism, arc obtained on pienotration, 
supporting the concept of interlocking chains 


Haemocupreln and hepatocuprein, copper-protein compounds of blood 
and liver In mammals By D Keilin, F R S , and T Mann {Received 
29 Avgust 1938 ) 

1 Haemoevprem is a blue copper protem compound present in the red blood 
corpuscles and serum of mammals 

2 A method for isolation of this compound m a pure crystalline state from the 
red blood corpuscles of ox is described 

3 A highly purified and partly crystalline haemocuprem may also be obtained 
from the rod blood corpuscles of sheep and horse and the blood serum of horse 

4 Pure htiemocuproin contains 14 3fi% N, 1 12% 8 and 0 34% Cu 
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6 An abnoat coloirrlesa copper protein compound. JiepcUocuprem, oontainmg 
0 34% Cu, can be isolated from ox liver 

6 Haemo and hepatocuiircin have aeveral properties in common Both have 
the same copper content, can he extracted from the crude material with the same 
alcohol chloroform mixture and purified by thi sanio methotl In both compoimds 
the copper is only loosely combmeil with the protein and is easily liberated b> dilute 
trichloroacetic acid 

7 They do not combine with molecular oxygen and do not t xhibit any of the cata¬ 

lytic propel ties of enrjmcs such ns peroxidase catalase, polyphtmol and cytochrome 
oxidase or carbonic anh>drase ' 

8 The possible biological signiflcaiue of hiu mo and hepatecuproin is discussed 
m relation to the known effects of copper on blood formation growth and metabolism 
of organisms 


Critical and co-operative phenomena III A Theory of melting By J E 

Lbnnard-Jones, PRS, and A F Devonshire {Rereivext 29 Aug\i'it 
1938 ) 

A mathematical theory of the change of phase fioin solid to hipiid is given m terms 
of interatomic forws It is based on two former pa|x rs of this series (I and II), in 
whicli a statistical theory of a dense assembly whether solid, liquid or gas, was worked 
out Fach atom was regarded as inov iiig in a << II di temiined by its neighbours and 
the potential energv within this cell calculaUd as n function of the voliune of the 
assembly 

To this theory wo have now added thi lomiiit of order and disorder and have 
discussed the n lation botwetn solid and liquid in firms of the amount of disorder 
present Tins has Ixi n achieved by rcgaidmg a solid as similar to an alloy m that it 
consists of a lattice of atoms and a lattice of “holt s’ the latter mterixmetrating tl)e 
first Tlio energy nei I'ssary to interchange an atom and a hole is taken to be a function 
of \ olume This leails to a new contribution to the fret energy anti also to the jiressure 
of the assembly due to disordei When this is added to the pressure calculated in 
former papers, the isotherms have a shape similar to those associated with a liquid 
vapour change of phase Ihe theory givis tht milting temjxraturo as a function of 
pressure and shows that the change of phase is accompanied by an increase of volume 
and latent heat of fusion Calculations of these changes are mode for eirgon and nitro 
gen and found to be in good agreement with ex|H*riment 


The metabolism of the eggs of Psammschimu mtUarts during the 
fertilization reaction By H Laser and Lord Rothschild {Communi¬ 
cated by J Gray, FR 8 —Received 31 Avgust 1938 ) 

1 The metabolism of Paammechtnus rntltarta eggs was oxaimned before, during 
and after fertilization 
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2 Immediately after activation, i e during the first 5 min , there occur 

(а) a sudden increase in O, consumption 

(б) a sudden morease m acid production 

3 Neither of those effects persists, the O, consumption falling to a low value, 
sometimes below the pro feitilization rate This decrease in O, consumption is not 
maintained, the rate uKroasing about 10 ram after activation to its normal value 

4 There arc indications that the b q falls to an unusually low valut immediately 
after activation 

6 The coinparativ o absi ni e of Ut'Oj“ ions associated with manometric methods 
involvmg the use of KOH. foi the absorption of CO, m media containing HCO,' ions 
causes a large decrease in resinration rah 

6 The relationship of these metabolic changes to physico chemical changes oh 
served in the eggs at the same time is discussod 


On the Hamilton •Jacobi theory and quantization of a dynamical con¬ 
tinuum By 1* WjiIs<3 (Vommuuicaled by R H Fowki, FR S — Recetred 
1 September 19J8 ) 

Tho Haiinlbin Jacobi thi ory of point mechanics is extended to the mechanics of 
continuous media, following on tho luies first jiroposed by Prango Tho method is 
based on the oquivali ncc between tlu Kulcr equations atul the “ boundarj formula” 
(formule aicr hmites) m the calculus of variations It is shown that the notions of 
Lagiangc brockits and Poisson brackets can be ('xtenried, but only if tho Nuler 
equations of the contimuim aie of fijjxjrbolic typo ronseiiuontly, these notions only 
apply to a dynamical continuum and not to equilibrium problems Fxeept for this 
restriction, the method is applicable quite generally for linear as well as for non 
linear theories Once the dynamical laws are expressed m terms of Poisson brackets, 
tlie transition to tho quantum theorv can lie effected by a brief formal argument 
m tho same way as in point niochaiiics 


On the Hamilton-Jacobl theory and quantization of generalized electro¬ 
dynamics By P Wbiss {Cmnmumcated by R H Fowler, FRS — 
Received 1 Septembei 1038 ) 

A procedure of qiiantirmg a dynamical continuum, developed m a previous paper, 
IS applied to the elc'ctromagnetic hold in generalized form as given by Mio and by 
Bom Imjiortant spooial cases are the Proca field of the heavy electron, whose 
structure is similar to the Imear case of Mie’s theory, and tho Maxwell field which is 
the linear case of Bom s theory In the theory of Mio, which is not gauge invanant, 
the stress energy momentum tensor suggested by the mathematical procedure differs 
from tho one defined m physics, but it is shown that both tensors lead to the same 
physical results In the theory of Bom, which is gauge mvanant, the “potential” 
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of the field is described by a line function which has an absolute physical 

signifit ance while the world vector (^,) has not In this way the ambiguity concerning 
the stress energy momentum tensor w avoided The well known peculiar difficulties 
due to the “ant isymmetry ” of electrodynamics can be o verc ome by a clear f ormulation 
of the correct imtial data in the elassu al theory The present method is relativistu ally 
mvanant throughout, so that an explicit proof of the invariance of the (juantiun 
conditions becomes unnecessary 


The electronic structure of some polyenes and aromatic substances VII 
Bonds of fractional order by the molecular orbital method By (' A 

CouusoN (Communicated by J E Lentund JoneJi, F R S—Received 
d September 1938 ) 

A new definition of the order of a bond m an aromatic comjxiund is proposed, 
depending upon the energy change m the molecule when a slight v ariation is supposed 
to lie made in the length of this bond lliis ordi'r is shown to b( de|)endent upon the 
coefficients in the occupii d moli'cular oibitals A lurvo is drawn lelating the order 
and the length of a link and the method is applied to a discussion of the lengths and 
orders in the conjugated chain moltcules 


The emission band spectrum of chlorine ill (continua) By W H B 

Cameron and E Elliott (Cnmmutncalexl by S R M%lner, FRS~ 
Received 5 September 1938 ) 

The spectrum of clilorint excited bj active nitrogen has been photographed and 
ifieasured Ihe contmua previously known woio reconkd togitlur with a number 
of diffuse bands, hitherto unknown associaleil with the continuum whoso maximum 
of intensity is at a wave length of 2680 A 

An interpretation of those bands and associati d contmuiuu is givt n based on the 
assumption of transitions from a stable upper electionii state, probably analogous 
to the T) ’ state of to a lower electnini* state which has only a shallow 

minimum m its potential incrgy intermiclear distance curve 

A comparison is made between the i hlorine spot trum excited by active nitrogen 
and by a high frequency electrical discharge 


The Austraiian aboriginai skuii its noii>metricai morphoiogicai charac¬ 
ters By Frank J FhNNtB (Ootnmuntcated by F Wood-Jones, FR S — 
Received 6 September 1938 ) 

Thispeper consists of the records of 1182 adult Australian aboriginal skulls ex- 
ammed for their non metrical morphological characters, following the plan developed 
by F Wood-Jonos 
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It wa« possible to distinguish three regional types of Australian skull the southern 
type, from South Australia, Victoria, New South Wales and probably southern 
Western Australia, the coastal Northern Territory type, and the Queensland tyx>e 
The latter two varieties are thought to be differentiations from the ongmal southern 
type by later extra continental racial admixture, with Melanesians in Queensland 
and possibly with Malays m Northern Territory Some support is lent to this suggestion 
by the published results of blood grouping of the Australian aborigines 

Tlie main bulk of the paper consists of detailed observations and cannot easily 
be summarized It is a contribution to the study of the racial differences of the human 
skull 


Investigations on magne-crystallic action VI Further studies on para¬ 
magnetic crystals By K S Krishnan, A Mookherji and A Bose 
((^ommvntcated by V V Raman FR S —Received 5 September 193S ) 

Iho magnetic amsotiopies of some typical salts of the rare earth and the iron 
groups have been measured at low temperatures down to about 90" K A simple 
cryostat, with automatic temperature control suitable for measurements on the 
magnetic anisotropuw of crystals at low tern[lerntures, is described The results are 
discussed on the basis of the theory of fiararnagiietism in crystals developed by Van 
Vleok, Pennej and Schlapp 

1 In those crystals m which the paramagnetic ions are all in the S state, eg 
Gd,(bO|)a 8H,(), Mn(NH4),(S04)| 611,0 the anisotropy 1^ is found to vary inversely 
as the square of the absolute teinjierature 

2 In (jd,(S04), 8H,0 the maxunuin anisotropy, though only 1 4“,o of the mean 
susceptibility at room temperature, is still much larger than should be expected from 
the btark separation of the S levels of 0d+++ imder the crystalline electric flelds 
The bulk of the observed anisotropy appears to arise from the magnetic intoraction 
between the neighbourmg Gd<-+t ions 

3 Gliromic salts have a very feeble einisotropy, almost as foeblo as if the ('r+++ ion 
were m the IS state The criterion for judging the siutability of a paramagnetic salt 
as working matei lal in the production of low temperatures by the Debye Giauque 
method is discussed 

4 From measurements on the magnetic anisotropy of mckel salts at different 
temperatures, the strength of the coupling between the orbital and the spin angular 
momenta of Ni++ is calculated, and is found to agree with tho spectroscopic value 

6 Prasoodj mium and samarium ethylsulphates are of special mterest As we go 
down to low temperatures their anisotropies mcrease at first, reach a maximum, and 
then dimmish rapidly 

0 The crystal fields m tho rare earth chlorides, which arc hexohydrated, are as 
strongly asymmetric as in tho sulphates, which are octahydrated 

7 Magnetic measurements on the cupric alkali chlorides enable us to decide between 
the alternative structures proposed for those crystals from X ray studios 
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The statistical mechanics of co-operative assemblies By E A Guuoen- 
HEIM [Commumcated by R H Fouier, F R S —Received 5 September 1938 ) 

A regular assembly is defined as a co opoiati\e assembly with certain simple pro 
perties analogous to those of regular solutions T he dohnition oo\ ors an important (lass 
of assemblies mchiding, in addition to legiilar solutions mixed crystals, solutions of 
hydrogen m palladium and monolayers on a surface A general statistical treatment 
of regular assemblies is given the approximation involved being equivalent to that of 
Bethe The treatment given may be considered as goncrali/mg, amending and, to some 
extent, simplifying the treatments by Bethe’s method of various examples of regultur 
assemblies due to Peierls, Lacher and Rushbrooke 


The /tf-ray spectrum of RaE By L H Martin and A A Townsend 
{Communicated by T H Laby, FRS — Received 15 August 1938 ) 

The d ray siiootrum of RaE has been studied by means of a magnetic spectrometer, 
the magnetic field for which was provided by an aniiular electromagnet of a geo 
metrical form especially suitable for /? ray analysis 

Special attention was paid to the effect on the distribution of back scattering in the 
source support, and absorption m the wmdow of the ooimter The former was found 
to disturb the shape of the distribution to a greater extent than is generally appre 
oiated With the source moimted on thin mica and after correcting for absorption in 
the wmdow of the counter the maximum of the distnbution was placed at 1210 gauss 
cm , a value much farther towards the low energy end of the distribution than has 
usually been found The average energy of the particles is m good agreement. 
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however, with the calorimetric values The high energy limit of the distnbution waa 
placed at 6396 gauss cm 

Both the Fermi theory and the modification of Konopulski and Uhlenbeok 
completely fail to describe the experimental distnbution 


Further experiments on olfactory conditioning in a parasitic insect the 
nature of the conditioning process By W H Tuorpe, M A , Ph D 

(Communicated by A D Imms, FRS —Received 14 September 1938 ) 

In a previous paper it was shown that the ichneumomd parasite Nemenlta caneacene 
can be mduoed to develop a positive oviposition response to the odour of an abnormal 
host, the Small Wax Moth (Mehphora grtsdla), by reanng it artificially upon that 
host and also by confining the newly emerged adult parasites with the Wax Moth 
laivao In the former case the conditioning effect was shown to be due m part to the 
influence of the host operating during the larval life of the parasite This bomg so it 
follows that the conditioning effect cannot bo merely a simple reflex association with 
the act of oviposition, but is rather something in the nature of a “becoming aware’ 
of a now factor (the odour of a now host larva) as part of a favourable enviromnenl 
Ihe only comparable behaviour known m insects appears to be that described by 
Forel, Fielde and others in various species of ants The primary object of the oxperi 
ments described m the present paper was to ehicidato the nature of the conditioning 
process m Nemeniie 

Adult Nementta reared from the normal host (EpheeUa) were confined immediately 
on emergence m em apparatus through which was pumped a stream of air which had 
passed over a number of hvmg Mehphora larvae In this way all possibility of direct 
association between the odour of the host «uid the act of oviposition was ruled out 
Nevertheless, when tested m the olfactometer these insects showed just as effective 
a conditiomng as did those actually confined m contact with the host 

The reaction of NemerUxa to the odour of various chemical substances was exa 
mmed Cedar wood oil was found to be a convenient substance for experiment The 
odour of this oil is defimtely repellant to the normal msect If, however, the Nemeritia 
are exposed to it m an air stream, a high degree of tolerance is produced without m 
any way injurmg the animals 

Withm certain limits variation m the period of conditioning does not greatly alter 
the intensity of the final effect 

The conditioning effect, both to Mehphora and to cedar wood oil, is highest 
immediately after the period of exposure On subsequent isolation it decreases 
gradually, with a considerable amount of fluctuation, approachmg zero after a period 
of approximately 10 days 

There is no definite evidence that younger uisects are more readily conditioned than 
older ones It was shown that contact with Epheatia, after conditioning by this 
method to Mehpiwra, has an appreciable influence m reducing the mtensity of the 
conditionmg effect 

By means of a modified olfactometer it was shown that the odour of Nemenha 
exerts a slight attraction on its own kind It was also shown that the attraction that 
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the webbing and faeces of the host exerts on the parasite does not apply so strongly 
to perception at a distance As far as odour alone is concerned the larvae of Epheatta 
are far more attractive than are the faeces and the web 

It IS concluded that conditioning m Nemeriiw is not merely a simple association 
between the experience of a given constituent of the environment (e g odour) and 
the oallmg forth of a amgle specialised response (o g oviposition) It is rather the 
£is80Ciation of the given constituent with a favourable environment as a whole, not a 
specific element of it, thus giving nso to a positive response which will tend to keep 
the parasite in the type of environment m which the host itself occurs It seems that 
a similar concept provides tho only satisfactory basis on which to cxplam the various 
well known observations on the boha\ lour of ants 


The adsorption of oxygen and hydrogen on platinum and the removal 
of these gases by positive-ion bombardment By C W Oatlbv {Com¬ 
municated by C D Ellii, FR S Received 16 tieptember 1938 ) 

An account is given of tho results of measurements of the contact potential differ 
once between a tungsten filament and a platinum anode after the latter has been 
subjected to various treatments It w shown that a clean platinum surface can be 
obtamed by successive bombardment of the anode with [lositive ions of oxygon and 
of argon Tho work fimction of a surface so prepared is found to be in good agreement 
with the most recent values obtamed by thermionic measurements on clean platinum 
Values are also obtained for tlie work functions of oxygon on platinum, hydrogen on 
platinum and for mixed layers of oxygen and hydrogen on platmum The bearing of 
these results on the structure of tho mixed layers is discussed 


The excitation of y-radiation in processes of proton capture by light 
elements By S Curran, P I Dee and V PETRi^iLKA {Communicated 
by J D Cockcroft, FRS—Received 19 Septemfier 1938 ) 

Using a pair of Geiger Mueller counh rs in coinci<lence the excitation functions for 
the y radiations emitted in tho jiroi ess of proton capture by eaeli of tho elements 
beryllium, boron, carbon and fluorine, have boon dotenninoii for energies of the 
incident protons from 0 to 1 x 10* oV 

Resonance peaks have been found in the excitation curves for incident protons of 
the energies given below 

Beryllium 350. 670 x 10* eV 

Boron 180, 650, 850, 960 x 10* eV 

Carbon “C 480xl0»eV 

‘>C 670 X 10» oV 

330, 470, 690, 670, 860, 920 x 10* eV 


Fluorme 
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Several of these resonance peaks had not hitherto been discovered In the cases of 
beryllium and boron a continuous excitation of y radiation over the whole of the 
region of voltage employed was observed and evidence is presented m support of the 
view that this radiation must bo associated with the capture process 

The yield of y radiation was measured in the case of carbon, the values obtained 
being 2 6 X 10-1“ quanta/proton for **C and 6 2 x 10-* quanta/proton for ’*C 
A calibration curve m given relating the end points of the coincidence absorption 
curves (obtained by placing aluminium between the counters) with the maximum 
(juantum energies of the mcident y radiations 

A search for the produi tion of radioactive “C as a result of the capture of protons 
by boron has shown that the cross section for this effect is at least 100 times smaller 
than the value which has been reported by other workers 


The combustion of methane By W E Garner, E R S , and A J Ham 
[Received 20 September 1938 ) 

The ignition lunits for flame in mixtures of CH4 + 20, have boon mvostigated over 
a range of tomporaturos and pressures The relationships between the pressure, 
temperature, and length of induction period in the region 640-760° are m agreement 
with the Seinenoff equation, p’e-*'" T = const It is found, however, that whereas 
n IS in substantial agreement with the value obtained b> Neumann, E is much 
smaller 

It is shown that the rate of change of pressure with tune just before ignition and 
the maxunum rate when ignition does not occur increases Imoarly with the pressure 

Analyses have been made of carbon dioxide, carbon monoxide hydrogen, methane, 
oxygen, and formaldehyde present in the gases at various times during the pre flame, 
flame and after flame periods for the temjMirnturo 660° C and 8 cm pressure and from 
the results conclusions are drawn with respect to the course of the reactions and the 
generation of flame m the mixture CH4 + 20, 


A band spectrum attributed to NBr By A Elliott (Communicated by 
8 R Milner, FR S — Received 26 September 1938 ) 

The spectrum of the after glow of mtrogen containing bromme vapour has been 
photographed 

The vibrational structure of the band system so observed has been analysed, and 
the band heads fitted to a formula of the usual type 

Considerations based on the isotope effect and on chemical evidence support the 
view that the bands are emitted by the molecule NBr 
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Visual stimulation and ovulation In pigeons By L H Matthews 

{Communicated by F H A Marshall, FR S—Received 21 September ) 

Pigeons do not ovulate spontaneously An exjieriment w described which shows 
that the sight of smother bird, or of a mirror image, produces a visual stimulus pro 
Bumably to the pituitary which leatis to ovulation The bearing of this experiment on 
the subject of sexual display and courtship is pointed out 


A new theory of atmospheric temperature gradient By D S Subrah- 
MANYAM {Communicated by 0 W Richardson, F R S -Received 5 October 
1938 ) 

A new type of vertical motion of air (which may be called ‘ ‘ cumulative convection ’ ’) 
different from that of “penetrative convection ”, is discussed The motion is assumed 
to be similar to that m long gravitational waves the volum* of an element remaining 
constant during small displaceineiita Vertical motion of tins tyjie is the result of 
dififorenoe of pressure from that corresponding to a state of equilibrium, set up m the 
vertical direction As a result of the change m pressure, the molecular energy of the 
element is altered which results in a change of temperature, and consequently m a 
lapse rate The value of this deduced for small dis(>lacemeiits without acceleration is 

found to bo i which gives on substitution a numerical value equal to 

dy 2JC, ® 

6 836° C/km This is m better agreement with the mean observed value, 6 71° C/km 
in the free atmosphere, than the one derived on the basis of penetrative convection, 
dT a 

- — = — =9 80° C/km An explanation is also offon d for the ascent of air masses 
in cyclones and their descent in anti cj clones 


Further investigations of very long waves reflected from the ionosphere 

By K G Budden, J A RAXCLiFtE and M V Wilkes {Communicated 
by E V Appleton, F R S —Received 5 October 1938 ) 

The paper describes an extension of the mvestigatiori of Best, Ratcliffo and Wilkes 
concerning the reflexion from the ionosphere of waves of frequency 16 kc /sec 
emitted from the British Post Office sender GBR at Rugby 

An extension to greater distances of the previous measurements of the “Hollmg 
worth mterference pattern ” formed at the ground, together with the removal of some 
instrumental difficulties in connexion with the “phase apparatus” mentioned m 
Paper I have led to more precise information about the downcoming wave The 
obrorvations wore explicable on the assumption that reflexion was from a height of 
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67 km for all angles of mcidence between 30“ and 60°, and was ticcompanied by a 
phase change of 180“, the reflexion ooofflciont of the wave component with electric 
field m the vertical plane was 0 12 on a September day, the wave was elliptically 
polanzed so that the ‘ ‘ electric vector ellipwe ” was described m a left handed sense, had 
its major axis in the vertical plane and the ratio of the axes was about 1 6 Propaga 
tion conditions were found to be similar in northerly and easterly directions 
Observations on 127 days spread over the period July 1936 to July 1938 showed 
that the reflexion height varied durmg the day as though the waves were reflected 
from the lowest portions of a “Chapman region” at a level where the atmospheric 
“scale height” (H) was about 6 km (corresponding to a temperature of 180° K for 
air of normal composition) Ihoro was some evidence that the whole of the reflecting 
region was about 3 km lower in winter than m summer 

Sudden anomalous decreases of reflexion height were sometimes observed and it 
was found that these showed a close relation to high frequency fade outs and other 
phenomena usually associated with catastrophic ionospheric disturbances 

During and after severe magnetic storms or auroral activity the diurnal variation 
of reflexion height was found to Iw abnormal and the abnoimality persisted for as 
long as 10 days During these abnormalities there was some evidence that the value 
of H was considerably reduced at the level of the reflexion 


Stress functions for a plate containing groups of circular holes By 

R C J Howlakd and R C Knight {Communicated by Q B Jeffery, 
FR S —Received fl October 1938 ) 

A number of solutions of the biharmonic equation have been obtained, mostly in 
connexion with the problems of generalized plane stress, when the boundaries have 
consisted of circles and straight linos No general method of solution can be given 
but the methods which the present authors have use<l in cortam oases aae hero 
extended to a group of problems The paper deals with circles in (a) the infinite 
plane, (6) a strip boundefl by parallel lines The circles, their number and relative 
positions, ore restricted by an mvonancy condition, which demands that the circles 
and their boundary conditions remain mvanant under one or more of a group of 
transformations and/or reflexions 

In (a) the configurations have the boundaries (i) one pair of circles, (ii) two pairs of 
circles, (ill) a double infinite row of circles While m (6) (i) one pair, and (ii) two pairs 
of circles are dealt with These together with solutions previously published complete 
the group of problems to which the method is applicable 

No nuraoncal work is included but the expansions of the necessary functions have 
bfeen determined They may be used for any problem where the biharmonic equation 
has to be solved with the appropriate boundaries The method of solution when the 
required functions have been established is indicated 
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Bakerlan Lecture The structure of benzene By C K Ingold, F R S 
{Received 7 October 1938 ) 

For many years attempts were made to explain the jjeculiantiee of 6ux>matic 
compounds by making various special hypotheses relating to the benzene nucleus It 
18 a satisfactory feature of the present situation that the theory of benzene is simply 
a special (and specially important) case of an established general extension of valenc> 
theory, and that this extension uses essentially the same physical principles as are 
applied m the mterprotation of v alency itself These are the jiostulatos of the ‘ new 
quantum theory (fundamentally the prim iple of complementality) which provide at 
once a physical basis for the forces of valency and for such departures from the 
ordinary valency rules as are illustrated so strikingly in the parent of the aromatic 
senes 

From an experimental point of view wo are concetneil to establish the corrett 
stereochemical model for benzene, and to disiovcr also in a quantitative way as 
much os possible about the internal forces which maintain that model Theory creates 
a predilection for a model of plane, regular hexagonal symmetry because theory 
works out most simply it such a model be first assiiim d The available experimental 
methods for the detonnmation of a moI« cular mod* 1 are (1) by X ray or electron 
interferometry, (2) from rotation vibration or vibration elet tromc spectra The 
interferometric metliod indicates the plane, rtgular model to a rather close degriH’i of 
approximation, but the s|)octro8coi)ie method, which is particularly sensitive and 
emmently suitable for application to this problem, was at first claimed to establish a 
contrary conclusion for this reason, and also because the Hjm troscopic method, by 
giving vibration frequencies supplies direct intonimtiou about the internal forces, 
this method has been recently pursued by Angus, Bailey Wilson and others, and it 
has been employi d in relation not only to ordinary bm/eiii, but also to benzenes in 
which a part or the whole of the hydrogen is present m the form of douteiium 7'his 
use of deuterium greatly increases the amount of information obtainable from the 
spectra, for isotopic substitution loaves the whole forci system of the molecule im 
( hanged, wherefore the vibrations which are responsible for the observed frequencies 
can be identified by comparing the frequency shifts caused by isotopic substitution 
with those calculated from the known changes of atomic muss under the assumption 
of unaltered forces (Toller) Four spectra are studied Raman scattering, mfra red 
absorption, ultra violet fluorescence, and ultra violet resonance emission All give 
information concerning the molecular form and vibrations of the ground state of the 
molecule Five benzenes have been examined moderately completely, whilst two 
others (formulae m parentheses) are under exammation C,Hj, CjHjD, 1 4 
1 3 6C,H,D„(1 2 4 6 C,H^,). (C,HD.), C,D, 

By a comparison of frequency shifts and other spectroscopic characteristics 
amongst the spectra of those compounds, the frequencies of a large number of 
vibration forms have been identifieil From this mformation, with the aid of 
spectroscopic rules which dejiend ultimately on a consideration of the physioal 
mechanism of production of the various spectra, it is possible mioriuivocally to 
establish the plane, regular model for the isolated (gaseous) benzene molecule The 
previously claimed contrary indication is explamod as duo to the use (or accidental 
presence) of liquid, whemin the intennoleculor forces are sufficient to deform the 
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molecules to a spectroscopically significant extent An approximate specification of 
the mternal forces could be made at present, but in order to render such a specification 
complete with respect to harmomc forces, we require further identified frequencies, 
wherefore the extension involvmg C,H,D4 and CjHD, is necessary 


Dissociation, recombination and attachment processes in the upper 
atmosphere II The rate of recombination By D R Bates, R A 
Buckingham, H S W Massey and J J Unwin (Communicated by 
E V Appleton, FES — Received 8 October 1938 ) 

On the basis of the theory developed in a previous paper the effective recombination 
coefficient for electrons in the E and F regions is given by a, + Ao, where a, is the 
actual recombination coefficient for electrons, a, that for ions and A the negative ion 
electron ratio which, apart from small daily variations, remains constant In this 
paper the contribution to a, arising from radiative recombination is evaluated by 
quantal methods, accoimt bemg taken of the fact that an electron may recombmo 
mto any excited state of the positive ion It is found that this process is entirely 
inadequate to account for the observed recombination m both E and F regions 
Other possibilities are discussed and reasons are given for supposing that two body 
reoombmation of negative and positive ions, exemplified by 
0 + + 0 --> 0 ' + 0 ', 

IS the most likely source of the observed rocombmation At the same tune the ratio A 
must be between 100 and 1000 for E region and between 10 eind 60 for F Such values 
for E have also been suggested from terrestrial magnetic variations Lower values for 
F may be due to temperature ionization of negative ions or to mert constituents at F 
layer heights 

The contmuous absorption coefficient of atomic oxygen is also calculated 
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Summary of paper on two problems of extenslonal vibrations due to 
shocks By W T Howeli (CommuntcaU^l by Sir Robert Pickard, F R S 
—Received 10 October 1938 ) 

Heavimde’H ojwrHtioiittl oultuliw in ('iiijiloyt d in tlw tinatment of two problems of 
technical intercHt wliosw Hulutionn do not appear to have betn published hitherto, 
vu (1) a massive particle is attached to one end of a massive elastic rod, the other 
end of which is suddenly conatraineci to move with a constant sjiood, (2) a massive 
particle at rest is suddenly attache d to one end of a moving massivo elastic rod, the 
other end of which is constrained to move at a constant njiced Tho conciseness of the 
method compared with that of tlie ‘ ^cjuation proinotrico” of baint Venant employed 
for allied problems is made manifest hormuliu) for tho velocity of the particle and 
the extension of the rod at any time are given in each case and numerical examples 
illustrated with graphs are worked out for difremiit values of tlm ratio of the mass of 
the rod to that of tho particle In particular, it is shown m botli oases that the 
particle may attain a inaxiinum s|}eed lonsiderablv greater than that of the othc'r 
c nd of thc> rod 


Summary of paper on diffusion in absorbing media By P S H Hkney 
{Communicated by Sir Robert Pickard, FR S —Received 10 October 1938 ) 
When one substance (o g water vapour) diffuses through another (e g air) m the 
pores of a solid body, and is at the same time absorbed by tho solid, heat wdl be 
evolved This heat will itself diffuse through the body, and will affect the extent to 
which the solid can absorb the vapour There are thus two diffusion processes 
symmetrically coupled by the mutual interaction of the diffusante The definition 
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of diffusion constants m absorbing media is discussed, and consequences of the 
coupling are worked out subject to oertam simplifying assumptions The general 
Holution 18 shown to be a Imear combination of solutions to the ordinary diffusion 
equation with the same boundary and mitial conditions but different diffusion con 
stants An analogy with the case of two coupled oscillatory systems is demonstrated 
A solution of the ordinary equation for diffusion mto a rectangular parallelepiped is 
givi'n which IS smtable for numerical calculation, and is believed to be now A table 
of numerical data for diffusion into a plane sheet is given, from which values for a 
parallelepipeil can quickly be diHiucoil A numerical example of coupled diffusion is 
worked out for the diffusion of water vapour into cotton packed at different densities 


The general theory of relaxation methods applied to linear systems By G 

Tkmplm (Comrmimcat&l hy »9 Chapman, FR 8 —Received 11 October 1938 ) 
Durmg the last few years Southwell and his fellow workers have developed a new 
method for the numerical solution of a ver> general type of problem in mathe 
matu al physic-s and engineering 1 h<' inethoil was origmally devised for the deter 
inmation of sti esses m frameworks but it has proved to be directly applicable to any 
firoblem which is reducible to the solution of a system of non homogeneous, Imear, 
simultaneous algebraic equations in a finite number of unknown variables South 
well’s “relaxation method” is one of successive approximation and, in order to 
complete the previous investigations of this method, it is necessary to jirove that thi 
siiciessne approximations do actually converge towards thi' exact solutions this 
proof IS given 

vSouthwoU’s relaxation methods are not directly applicable to continuous systems, 
wh( n the number of unknown variables is infinite, but it is shown bore that simple 
I xtensions and modiflcations of the relaxation method render it suitable for applica 
tion to either discrete or (ontinuoiis systems 

The g( neral thi'ory of lelaxation methods is then developed in terms of the theory 
of linear operators and sufficient conditions are proscribed for the convergence of the 
firoccss of approximation 

These general methods aretlienajqilied to thi solution of non homogeneous linear in 
ti gral I quations and to the solution of non homogeni ous, linear differential equations 
ilroodly sj)! nking it apjiears that almost all linear systems of equations algebraic 
integral or difii reiitial can be brought within the scope of nilaxation methods, 
wliK h SI I m to constitute one of the most poweiful methods of computation in matlie 
niatical physics and engineering 


The magnetic properties of bismuth III Further measurements on the 
de Haas van Alphen effect By D Schoenberg (Communicat&l hy P 
Kajntza, FR 8 —Received 11 October 1938 ) 

The investigation of the field dependence of the susceptibility of bismuth (de 
Haas van Alphen effect) has been extended down to lower fields (1600 gauss) at 
helium and hydrogen temperatures, by measuring the couple on a bismuth crystal 
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m uniform magnetic fielda The results are compared with Landau''^ theory, with 
wliioh they are m good qualitative agreement 

Detailed examination shows, however, that there are discrepancies as nganls 
(o) the phase of the periodic variation (b) as regards the details of the envclojio curve 
of the periodic variation and the dependence of its amplitude on the crystal orionta 
tion, and (c) the temperature variation of the effect, which was not as rapid os 
predicted by the theory From the comparison, wo obtained the following < stmiaU s 
of the fundamental parameters of the electronic structure, for the “effective” 
electronic masses, 

m,= 12W(, = 01 »ij/m,= 002 and w,/wi,= — 0 10 

(»«„iHtheordmary< Kctronicnin«8)andforth( <hg< nc racy t<inperaturi KJK= 140 K 
From these data the numbiT of electrons i-osponsible for the effect is di^diiood os 
1 7 X I0““ per atom These results an' compared with Blackman's estimates with 
which they am in agn ( mont as regaids order of magnitude, and their bearing on the 
previous cxjienmental results is also discussed 


The photodynamic activity of the urine of mice treated with blastogenic 
hydrocarbons By.] (' Mottram ((’ommumcated by J W Cook, F R 8 
—Received 16 October 1938 ) 

Several polycyclic hydrocarbons havi bi'en obs« rvi d to jihotosensiti/o the skin of 
mice, and colloidal suspensions of them to pliotosi nsitm' protozoa 

This action on protozoa provicios a mt'ans of di ketmg them m very high dilution 
Using |iaramoecium, the uimo of mice pamteil with 3 4 bi'nrpvrono has been ox 
ammed and found to be jiliotodyiiainic 1 and 2 days after pamtmg, but not on the 
third day On the other hand the uiiiie ol moculalod mice oontmues to be photo 
dynamic for at least a month 

When mice arc inoculated with a series of polycyclic hydrocarbons some of which 
are blastogemc and others inactive m this respect, tht' urine was foimd to be photo 
dynamic only m the case of the blastogonic hydrocarbons It appears therefore that 
mice are able to convert the blastogonii hydrocarbons into water soluble photo 
dynamic denvatives which are excreted ui the urme but are not able so to convert 
the non blastogemc hydrocarbons 


The spectrum of mono-deutero methane in the photographic infra-red 

ByW H J Childs and H A ,)ahn {Commumcatei by Sir William Bragg, 
FR 8 —Received 17 October 1938 ) 

The preparation of 40 litres of mono deutero methane is described With it tho 
absorption spectrum m the photographic infra rod has been investigated and 
measurements are given of a particularly simple band at 9021 cm ' From this 
band the moment of inertia of the molecule about an axis perpendicular to tho 
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C—D axis can bo deducod, and a value of 7 202 x 10“*° g cm * is obtained This 
corresiKinds (asaumuig a regular tetrahedral structure) to a C—H distancei)f I 093 A, 
to be oompared with 1 092 A m the case of OH* The band is assigned tentatively as 
the parallel component of Sr,, the second overtone of the perpendicular fundamental 
at 3031 cm 


Electron transfer In mercury vapour By E L Arnot and Mabjobik 
B M’Ewbn {Comtnumcated hy H S Allen, FR S —Received 17 October 
1938 ) 

An invistigation of I he electron transfer process 

Hg»+ + Hg -►Hg++Hg+ 

has IxM'n made using incidint Ilg''' ions hn\ing c nergios from 140 to 400 oV The 
internal energy set free in the collision by the capture of the electron is 8 28 oV, of 
which It 18 found that about 0 3 oV are employed in exciting one of the reeultant 
Hg+ ions, the balance of about 2 eV Issng shansl as kinetic energy between the two 
Hg+ ions m aci ordance with the law of conservation of momentum 

The mechanics of the collision process show that the results obtained can be 
accounted for only by a head on collision, one of the resulting Kg’* ions romaming 
stationary and the other carrying off the full kinetic energy of the incident Hg*+ 
ion plus the total amount of 2 eV mternal energy available m the form of kmotio 
energy 

The cross section for the process over the energy range of 140 400 eV has been 
obtained, and this shows an increase of (ross section with energy of tlio incident 
Hg*+ ion, the value at the middlo of the energy range b« ing of the order of one tenth 
of the gas kinetic cross section for collision 


Refractive dispersion of organic compounds X Refractive indices of 
pulegone and of m-methylcyc/ohexanone Optical exaltation in un¬ 
saturated ketones By C B Allsopp and D M Simpson {CommunicateA 
by R 0 W Norrish, FR S—Received 17 October 1938 ) 

Refractive indices over a wide range of visible and ultra violet wave lengths, 
inoludmg those covered by a kelonie absorption baud, are recorded for pulegone 
and for w methylcycfohoxanone The refractiv itioa of the (,arbonyl radical m each 
compound are doduceil and oompared with those previously recorded for 0=0 m 
cyc/ohexanone An enhanced refractiv ity m pulegone, which could be described as 
an “ojitioal exaltation ’ m view of the conjugation of carbonyl and ethylemc double 
bonds, can bo attributed to the presence of an absorption bond which does not appear 
m the spieotra of the other compounds, but equally abnormal values are obtamod 
for Ml methylci/cZohexanone for which this explanation cannot be valid It is oon 
eluded that these effects result from the mvalidity of tho additive relationship m the 
jiresence of t he strongly chromophoric radicals, as predicted in a previous jiaper 
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Fused neurons and synaptic contacts in the giant nerve fibres of cephalo- 
pods. ByJ Z YotTNO {OommuntcxUedbyE 8 Qoodrxch,FR8—Received 
20 October 1938 ) 

Study of the structiuo of the system of Kiant nerve fibres in the S(.)uid shows that 
complete rninglmg of the nouroplasm of two nerve cells does occur, contrary to the 
strict tenet of the neuron theory Such fused neurons, however always function 
together in tlie luiimal itnfmlses set up nnywhi re m them bemg conducted over the 
whole continuous neuroplasiu This case therefore, is the exception to the neuron 
theory which proves thi rule It shows that synapses, at which muiglmg of neuro 
plasms does not occur, arc necessary as postulatoil by the theory, to prevent tho 
mdeflnito spread of unpulses 

Very clear synapses are present in tho giant fibre syst-om and are descnbiHl in 
di'tail The two first order giant nerve cells which set off the whole systoin are 
activated by numerous end feet scattered over th< ir suifaces Presumably thisi 
neurons only discharge a propagated impulse when a sufflciont number (and perhaps 
tt cortam path m) of tho end foot are activated In the stellate ganglion, however, a 
single impulse in the afferent member of the synapses produces a single impulse 
in the efferent and at these junctions there is provision for a very large surface of 
contact bt twoon tho two hbres 

Tho significance of tho giant nerve fibres in the life of tho cephalopods is con 
sidered, and the system is shown to one specialized for the proihittion of movement 
rather than tonus Contractions are imtiatod by thi action of the muumum fxissible 
number of motor units namely one pair of fused nerve cells A single impulse sot up 
in this unit can proilucc a quick twitch of the retractors and expulsion of a ji't of 
water from the mantle Such a system, though not wi II muted for the production of 
hnely graded movements, allows tho development of few, largo and hence rajudly 
conducting flbree Tho combination of speed with tine gradation of movement la 
only possible m animals, such as vertebrates in which rapid conduction is obtained 
by thickness of the myelm sheath, rather than, as it is m the cephalopods, by great 
diameter of the fibres 


The absorption spectra of carbon dioxide and carbon oxysulpbide in the 
vacuum ultra-violet By W f Pbiob and D M iSimpson {Communicated 
by R 0 W Norrish, PR 8 —Received 21 October 1938 ) 

The absorption spectra of CO, and COS have been mvestigated m the vacuum 
ultra violet In the case of CO,, the elwtnmu senes converging to the lowest “i/, 
state of CO,+ have been identified and tho ionisation jiotontial corresponding to this 
state has been established directly os 13 73 ±0 01 V This is m excellent agrooment 
with Mulliken’s prediction of 13 72 ± 0 03 V, which is baaed upon the identification 
of the 2900 A emission band as being ->■ *JI, of CO,+, and upon the assumption 
that the photo ionization at 885 A is to the *2,+ state Certain weaker bands not of a 
Rydberg type have also been found They are attributed to transitions to anti 
bonding moleoulsff orbitala 
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The spootnim of COS has boon found to be mtennediate between that of 00, and 
OS, Certain differences are attributed to the lack of symmetry of this molecule 
The corresponding eleotromc states of the three molecules are identified by the 
criterion of the rough agroomont of their molecular term values 


Collective electron ferromagnetism II Energy and specific heat By 

Edmund C Stonbk, E R S (Received 24 October 1938 ) 

The treatment of collective electron ferromagnetism on the basis of Fermi Dirac 
Statistics, applied m a previous paper to magnetic charactenstios, is extended to 
energetic characteristics General expressions are developed for the electronic energy, 
which may be analysed into a quasi magnetic and a distributional part The forms 
taken by these expressions m the classical and Fermi Dirac limits are obtamed, and 
general expressions are derived for the specific heat at low temperatures and at the 
Cune pomt 

Detailed computations are made of the energy and specific heat over the whole 
temperature range correspondmg to the critical value of the interaction for complete 
saturation at abjolute zero Computations are also made, for a wide range of values 
of the effective interaction ratio of the energy increase between absolute zero and the 
Curie point, and of the s]>ecifi( heat at low temperatures, and immediately below 
and immediately above the Curie pomt 

A bnt f survey of the specific boat results for nickel mdioates that the theoretical 
treatment provides a satisfactory basis for the analysis and mtorpretation of oxperi 
mental results for particular ferromagnetics 


Statistical theory of the adsorption of double molecules By T S Chang 
(Communicated by R H Fouder, FR 8 — Received 24 October 1938 ) 

The adsorption of double molecules upon a solid surface with sites of accommodation 
regularly arranged is studied statistically allowuig mtcractions between adsorbed 
molecules, by using Bethe’s approximation Kuietic considerations leading to similar 
formulas are also given 

The isotherms, when compared with those for adsorption of smgle atoms, seem to 
be bent towards the axis 6 = Q When the forces between the adsorbed molecules 
are attractive, there is also a critical temperature T,, below which the fraction of 
adsorption 0 may change discontmuously when the proseure is increasiHl The 
critical temperature is higher than that for the adsorption of single atoms, if the 
interaction energy between two atoms belonging to two different adsorbed mole 
cules IB the same as that between two adsorbed atoms for the latter case 

It has been found possible by studying the particular case of no mteraction, to 
get roughly the number of ways of arranging \Nd double molecules on iV sites The 
result agrees fairly well with the exact value given by Fowler and Rushbrooke, who 
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studied the number of airangementa at Oct 0, and 0^ I, and further it la found to be 
the same as the exact value for all 0, for the case m wluoh the N sites are on a lino 
It IS applied when we use Rragg and Williams’ approximation m atvidyin« the same 
problem, and gives results similar to those given by Betho’s approximation 


Concerning the scattering of fast electrons and of cosmic-ray particles 

By E J Williams (CommnnuMted by J Chadunck, FRS—Received 
26 October 1938 ) 

The relativistu theory of nuclear scattering tluough small angles is ibscussed, 
and corrections are ajiplied for the effects of tin hmte size of the nucleus and the 
sliielding of the nucleus by thi atomic electrons This is prdnninarv to calculations 
on thi multiple scattcimg of fast electrons by thm metal foils and of cosmic ray 
particles by metal platts 'Ihi^se rah illations had to nn accurate estunate of the 
average theoretical deflexion under the conditions of the Hx|)eriments, and thereby 
permit a quantitative mU rjiretation of the obscivations to be made 

The experimental n suits of Blackett and Wilson on the scattermg of cosmic ray 
particles are in good agroemont with the tin oretical values, esjiecially if the effect of 
the finite size of the nucleus is allowoil for (The evidence winch this agreement 
provides for the existence of Yiikons is discussed ) fhoro is no positive evidence in 
the experiments for a short rangt non i l<'ctricnl force botwoon the cosmic ray 
particles and the nuclear particles of the matter traversed, similar to that between 
slow neutrons and protons It is also inforrod that tho particles whose scattering was 
observed produced no niidear disintegrations in the scjittonng plates and that the 
observed anomalous loss of out igy by cosmic rav particles with energy around 
10* V IS likely to Ik due to tho production of \ukons 

The scattering of fast electrons (~ 10 mV) by thm leiwl foils as recently observed 
by Fowler and Oppenheimer is mnih less than the present theoretical values This 
discrepancy sov'ms to fall m line with obstivations by Klarman and Bothe and by 
Champion on the single scattering in heavy gaw s of < le< Irons with energy of the order 
of 1 mV The scattering of million volt electrons by a thin almnmium foil re«>ntly 
obsi'rvod by Slawsky and Crane is m good agreement with tho pnisent ealculations, 
so that tho above discrepancy if real must bo associatotl with a high atomic number 
rhere is as yet no indication of how thi disi repanc v could be accounied for theoi’eti 
cally 


Reproduction in the spotted hyaena Crocuta crocuta (Erxleben) By 

L H Matthews {Commumcated by A S Pnrhes, FR S—Received 
26 Ocioba- 1938 ) 

The external genitalia of the male and female Spotted Hyaona are strikingly 
sunilar Over one hiuidred speounens of tho anunal wore examined m Tanganyika 
Territory The structure of the genitalia is described, and the changes taking place 
in them during tho sexual cycle are recorded 
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A relnvestigation of turacln, the copper porphyrin pigment of certain 
birds belonging to the Musophagidae By C Riminoton, {Commun*caietl 
by Sir Henry Dale, FR S —Received 28 October 1938 ) 

Whilst investigating turacin, prepared from the wing feathers of Turacus corythmx, 
for piossiblo traces of the III genes isomor, it was found that the ooproporphsTin 
obtametl hy deearhoxylation of the uroporphyrin ester appeared to consist almost 
entirely of coproporphynn III A thorough examination has therefore been made 
of the pigment derived from eleven different species of the Musophagidae, which m 
eluded at least one representative of every turacin bearmg genus, except Proturaous 

The turacin was extracted from the defatted feathers and converted mto the 
corresponding uroporphyrin oster No attempt was made to obtain a pure uropor 
phyrm ester at this stage Since the isomeric coproporphyrins are more easily 
separated than are the uroporphyrins, the entire yield of crude uroporphyrm was 
decarboxylated in dilute acid under pressure and the resulting coproporphynn 
fraction estorified The coproporphyrm methyl ester so obtaineil was fractionated 
by a method which serves to separate the senes I from the senes III isomer In 
every case oryatalline coproporphynn III methyl ester, with the correct double 
ineltmg point, was obtained, but in no instance was I successful in isolating or 
detecting the preseneo of any coproporphynn I methyl ester These turaems would 
appeetr, therefore to bo, substantially, derivatives belongmg to series III, to which 
the normal porphyrm pigments of animals and plants predoinmantly belong 


The diffusion of radon gas mixtures By G E Harrison and W Hirst 
(Communicated by M L E Ohphant, FR S —Received 28 October 1938 ) 

Diffusion measurements have been made for gas mixtures containing radon mixed 
with hydrogen, helium, neon, argon and air The results of these experiments m the 
cases of radon hydrogen and radon helium mixtures together with the thermal 
diffusion experunents already mode, suffice to determine the ri'pulsive force betwi-en 
these two pairs of molecules 

It IS shown that all previous measurements of the coefficient of diffusion of radio 
activt' gas mixtures are subject to an error due to the adliesion of the emanation to 
the walls of the diffuBion apparatus which always tends to roituco the experimental 
volui H obtamed for the diffusion coefficient An experimental study has been made 
of the means by which adhesion can be made of negligible account m diffusion experi 
ments and an apparatus has been designed which ehmuiateg this disturbing effect 
Tlie agreement between the final values obtamed for the diffusion coefficient of 
radon gas mixtures is as good as that between the values lecently obtained for the 
coefficient of diffusion of non radioaotivo gas mixtures 

The roinilsive force between radon hydrogen and radon hehum molecules is com 
flared witii that between hydrogen nitrogen, hydrogen carbon dioxide and helium 
argon molecules The radon molecule is shown to be very “soft” 
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Observations on the acoustic tubercles or lobl acustlco-laterales of 
bathypelagic fishes and on the functions of the lateral organs By H 

Mum Evans (CommunvccUed by E W MacBrtde, FB8—Received 
2 October 1938 ) 


The directional sensitivity of the retina and the spectral sensitivities of 
the rods and cones By W S Stiles {Co/ntnunicated by Sir John Parsons, 
FR 8 —Received 27 OcUAer 1938 ) 

A light ray terminating on n given pomt of tho rotina hoB different visual effects 
depending on its direction of mcidonco on tho retina Tlie direction of moidencc can 
be varied by sending the ray into the eye through different pomts of tho pupil opening 
The primary object of this work was to determuio tho effect of direction of mcidenoe 
on threshold sensitivity, but the results obtained cover the wider problem of the 
dependence of threshold senHitivtt> on tho condition of stunulatiou of tho rotma Tho 
test stimulus was a 1° patch of light of wave length A, exposed for a fraction of a 
second every few seconds U)^, the smallest perceptible intensity of the teat stimulus, 
was measured m energy units, tho sensitivity then being defined as With 

parafoveal vision of the test stimulus by the dark adapted eye it was found that 
direction of mcidence had little effect on sensitivity when A was less than 580 m/t, 
but a pronounced effect for longer wave lengths The dark adapted fovea gave a 
pronounced directional effect at all wave lengths 

The condition of tho retina was modified by making tho subject view a 10“ patch of 
light (wave length fi and intensity at whoso centre the test stimulus was apphed 
as an additional stimulus For parafoveal vision, the directional effect showed a 
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marked moreekse in pasamg from low to high mtenaities, and the curve connecting the 
threshold value U)^ and the intensity of the conditioning field Wn showed a cor 
respondmg change of law These two connected effects are attributed to a change 
from rod vision at low intensities to cone vision at high intensities, the rods and cones 
bemg assumed to have different directional properties For foveal vision, which is 
served by the cones only, somewhat similar effects were observed and were explamed 
by assuming three types of cones for which the relative spectral sensitivities were 
roughly determmod Normally the threshold value increases proportionally with the 
intensity of the conditioning field at high intensities (Weber’s I^w) but a striking 
deviation from this rule was observed for a blue teat stimulus on a rod conditionmg 
field Increase m the intensity of the fonditionmg field beyond a certain value pro 
ducod no correspondmg mcrease in the threshold value This result is ascribed to a 
special property of the blue” cones In the present uivestigation the hypothesis of 
tliree tyjies of cone and tho dotormination of their jiroperties have emerged from 
meaauremonts which are completely independent of colour matching data Tho con 
nection with the trichromatic system given by colour matching must lie close but 
rtimains to be elucidated 


The distribution of anthocyanins in flowers, fruits and leaves By 

W J r Lawrence, J R Pbice, (Mrs) (J M Robinson and R 
Robinson, F R iS (Received 31 Octobei 1938 ) 

An analysis is submitted of the results obtained m a wide survey of the distribution 
of anthocyanins The data are arranged in accordance with a botanical classification 
and correlation of the chemical findings is attempted on a phylogenetic basis 

Assuming an origin from carbohydrate, cyanidm should bo tho ‘ nonnol” ontho 
cyamdin since no change in state of oxidation is required m tho elalioration of this 
pigment from two molecules of a hexose and one of a trioso This biogenetio theory is 
supported by the facts that cyanidm derivatives are found to preponderate statis 
tically, that cyanidm donv atives occur m small amount alongside both pelargonidin 
and delphinidm saccharides, and that autumnal coloration is almost always due to 
cyanidm derivatives In the latter case we are dealing with a “blind” process having 
little relation to the more specialized needs of the plant Tlie sequence m the attach 
ment of sugar molooulos appears to suggest that the anthocyamdm 3 glycosides are 
the fundamental types and these give rise by further gly cosidation to the 3 biosides 
and 3 S dimonosides 

In oonsidenng the nitrogenous anthocyanins it is noted that Cactalos &om this 
pomt of view should be closely related to the Caryophyllalos, ChenoiXKiiales, 
Lytliralos and Thymeleales 

Throughout the discussion, species alone are considered but exceptional oases are 
noted as the result of hybridization 
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Hie flexure and torsion of an internally cracked shaft By L A 

WiGQLESWORTH {Communicated by 0 B Jeffery, Fit 8 —Received 
2 November 1938 ) 

The Saint Venant theory of flexure and torsion is applied to the bonding and 
twisting of a crackoil circular shaft by foroos applied to its ends The trace of the 
crack in the cross section is a slit forming a segment of a diameter of the circle, and is 
not necessarily central 

The treatment of the flexure problem follows a modification introduced by Steven 
son of the classical methofl, and in the only case m which the crack takes effect, which 
18 when the loiul is transverse to the slit, the ]>robIom m to discover three potential 
functions having certain vnlius on the boundaries of the cross section, one being the 
classical torsion function 

The method of solution is by a conformal transformation of the cross section, 
followed by the appliiation of an integral formula derivoil in an larlier part of the 
paper This formula is the analogue for a region with two boundant s of the complex 
form of Poisson s integral for a potential fiinc tion existing inside a circk 

The problem is conipletely solvi d m finiti' terms of elliptic functions, and the tor 
sional rigidity, the position of the centri offlcxun and the associahHl twist in the cose 
of flexure are also given in hnito ti'rins 

Numerical valut s of those quantities for slits of different li ngllis an worked out m 
two cases when the slit is central, and when one * iid m at the centre of tlie cross 
section 


Flexure and torsion of cylinders with cross-sections bounded by 
orthogonal circular arcs By L A Wioolesworth and A C Stevenson 
{Communicated by 0 B Jeffery, FR 8 —Received 2 November 1938 ) 

This paper contains a complete solution of th« torsion and flexure functions for 
elastic beams of cross sections boundoil by arcs of two orthogonal circles, i e it 
includes both circular cylmdors with suigle orthogonal koyways and cylinders of 
lens shaped cross section The solutions are found by means of confonnal trans 
formation 

The torsion anil flexure moment mtegrals which relate the constants of the mathe 
matical solution with the i xtomal force system applied to the beam are evaluated 
completely in terms of olemontary (circular) fuiictiona Although the torsion problem 
has previously been investigated, this result is new, luid the flexure problem has not 
previously been solved 

Expressions aie found in finite terms of circular functions for the torsion moment, 
and also for the associated twist and the coordinates of the centres of flexure and least 
stram m the flexure problem Numerical computation of those quantities has been 
earned out and their variations exhibited graphically 
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Carbohydrate metaboUem and muscular exercise By F C Cottbtioe, 
C G Douglas, F R S , and J G Peibstley {Received 2 November 1938 ) 

Detailed observations have been made on two human subjects During rest after 
prolonged muscular work of moderate seventy, when there was a persistent low 
respiratory quotient and ketonuria, the glucose tolerance was found to be reduced, 
and this reduction appears to be m no way different from the reduced glucose tolerance 
found without preceding exercise simply as a result of living on a low carbohydrate, 
high fat diet This supports the conclusion that the mam cause of the persistent low 
quotient after prolonged work is the low ratio of carbohydrate to fat oxidized at that 
tune 

The reduced glucose tolerance resulting from a low carbohydrate, high fat diet, as 
well as that shown after prolonged muscular work, was not accompanied by any 
significant difference m the response to insulm Injected intravenously, and there was 
therefore no evidence of a decrease m the sensitivity to msulm 

In the resting subject intravenous injection of insulin caused, in addition to the 
oharaoteristio temporary fall of blood sugar, a distinct rise of the respiratory quotient 
which appeared to signify an mcrease m the carbohydrate metabolism There was no 
accumulation of excess lactic acid in the blood, and the effects on the oxygen con 
sumption were slight and moonstant 

Subcutaneous injection of ailrenalme caused a distinct mcrease m the oxygen 
oonsiHnption The respiratory quotient showed a quick rise, a succeeding fall to a 
level below the resting normal, and a final slow recovery, for which a sufficient 
explanation could be found in the accumulation and disappearance of excess lactic 
acid which accompanies the hyperglycaemia, without postulatmg any alteration in 
the oxidation of carbohydrate 

After the simultaneous injection of insulin and adrenalme the changes m blood 
sugar concentration wore diminished, but the changes of lactic acid concentration in 
the blood and of the respiratory quotient were practically identical with those found 
with adrenalme alone 

An examination of those results makes it clear that though msulm may assist 
carbohydrate metabolism and adrenalme may help mobilization of hver glycogen 
there is still much to be done before it will bo possible to show m clear detail the precise 
part that these two endoerme secretions do in foot play in the increased metabolism 
associated with muscular work 


The absorption of neutrons of medium energy By J H E Griffiths 
{Communicated by F H A Lindemann, F R S—Received S November 19ZS ) 
The absorption of neutrons produced by the y rays of radium on Be m eighteen 
elements has been investigated by comparing the activities of the artificially radio 
active isotopes produced The absorption coefficient of the rays has also been found 
which enables the relative values of the neutron absorption cross-section to be cal 
ciliated The results ore compared with the theoretical prediction of a smooth mcrease 
of cross section with atomic weight and some reasons for the large differences obtamed 
are discussed The absolute value of the cross section is estimated as 1 x 10"“ om • 
for silver compared with the theoretical value of 2 x 10~“ om ' 
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The nuclear spin of iodine By S Tolansky (Cornmuntcated by P M 8 
Blackett, FR 8 —Received 3 November 1938 ) 

Eight terms m the 1+ spectrum are found to exhibit deviation from the mterval 
rule m their hyperfino stnictures Those distorted terms with •/ = 2 fail to fit the 
quadratic deviation fonnuJa of Schuler They can be fitted mto a cubic interaction 
formula which is 

E = A + B coa IJ + C cos* JJ + D cos* IJ 

The quadratic term in this expression is attributed to the electrical qusdrupole 
moment of the iodine nucleus The cubic term is shown to be related to the nuclear 
magnetic moment and may be due to nuclear magnetic ootopole moment 

A hyperfino structure analysis is given for thirteen newly classified 1+ lines 
Interval factors are rejiortcd for thirty throe terms amongst which are five complete 
sots of multiplets home of the earlier term identifications require to be modified in 
the light of recent work 

The nuclear spin is proved to be 5/2 without use of the interval rule 


Oxygen evolved by isolated chloroplasts By R Hnx {Communicated 
by Sir Frederick Hopkins, FR 8 —Received 9 November 1938 ) 

The observations of earlier workers, that illuminated chloroplasts will produce 
molecular oxygen apart from the living cell, have been confirmed by an independent 
method Oxygen was detected and measured spectroscopically by means of haemo 
globm Cell free suspensions of chloroplasts were obtamed from the leaves of oertam 
angioBperms by grmding m isotonic sucrose solutions After removal from the cells 
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the chloroplasts would only evolve oxygen m light when m the presence of an extract 
from leaves or in presence of certain feme salts Carbon dioxide was Without influence 
on this evolution of oxygen, hence the ohloroplasta do not show normal assimilation 
outside the cell even though oxygen may be evolved 
In particular the ohloroplasta will cause photoreduction of ferric oxalate to ferrous 
oxalate and oxygen, the oxygen obtamed corresponds to the iron reduced The 
illuminated chloroplasts m the presence of leaf extracts evolved oxygen up to a pres 
sme of 1 mm of mercury, in the presence of feme oxalate a pressure of 4 mm of 
mercury can be reached It is concluded that a system can bo removed from the cell 
of a green plant which will convert light energy into a measurable amount of chemical 
work That molecular oxygen is produced in these oiroumstancos places the system in 
u category unique among other chemical systems 

The activity of this system measured by the imtial rate of oxygen production m 
relation to chlorophyll present is about one tenth of the activity of the living celh" 
under optimum conditions for photosynthesis The results are discussetl in relatioiit 
to the lissnnilation of carbon by the livmg plant 


Diffusion of long-chain sulphonic acids By E L MoBain, F R 8 

{Becetved lU November 1938 ) 

Diffusion data for the higher soap like long chain sulphonic acids exhibit a sharp 
minimum m moderately dilute solutions followed by an abrupt nse to double the 
value in somewhat higher concentrations These measurements seem to demand the 
presence of both the neutral micelle and ionic micelle found necessary by MoBain and 
collaborators to explam the relation between conductivity and thermodynamic data 
for colloidal electrolytes 


The influence of pressure on the thermal conductivity By J F Allbn and 
E Gan7 (Communicated by J I) Cockcroft, FR 8—Received 2\ November 
1938 ) 

Tlie thermal conduotiv ity of hquid He ii has been measured for the liquid under its 
saturated vapour pressure and under various constant pressures up to twenty 
atmospheres Over the observed pressure range the conduotivity was found to vary 
linearly with the pressure for all temperatures between 2 03 and 1 17° K The pressure 
coefficient of thermal conductivity was found to be negative between 2 03 and 
1 63° K and positive below 1 68° K The positive value below 1 63° K was explained 
by the moreased density and speoiflc heat of oompresaed He n Above 1 63° K, on the 
other hand, the moreased hmdranoe to the motion of the heat oarrymg atoms when 
the liquid is compressed, was oonsidered to outweigh the inorease in density and 
specihc heat 
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By means of the dimensional equation of thermal conductivity, a value was 
calculated for the product of velocity and mean free path of the heat carrying inechan 
ism The variation of this value with temperature bears a close resemblance to the 
variation of velocity with temperature both for the flow of liquid He ii through very 
fine capillaries and for the flow of mobdo surface hlms of He ii 

Although the apparatus wm not designed to measure the conductivity of a poorly 
conductmg substance, an upper limit to the thermal conductivity of solid helium can 
be given as 1/1000 of that of liqmd Ho ii 


The action of radiations on bacteria IV The lethal action of soft X-rays 

By R B Haines and D E Lea (Communicated by Sir Jowph Barcroft, 
FR S —Received 23 November 1938 ) 

An account is given of the experimental methods and the results obtained m a 
research on the lethal action of soft X rays (wave lengths 8 32, 4 16 and 1 64 4) on 
a number of different bacteria The survival curves are i xponential and the mean 
lethal doses arc mdopondint of intensity For tho production of these radiations a 
tube IS used m which tho target serves also as the window, and with which very high 
mtonsities can bo economically obtamed The measurement of the intensity and 
homogeneity of the nuhation is also dcscnbeil 


The action of radiations on bacteria V The target theory By R B 

Haines and D E Lea (Communicated by Sir Joseph Barcroft, FR S — 
Received 23 November 1938 ) 

On the basis of the target theory on otb mpt is made to give a detailed i xplanation 
of tho variation of mean lethal dose with tho loniration density of the radiations 
The experimental data are the mean lethal doses of a number of vegotativ e bacteria 
and spores exposed to a , /? and y rays and to soft X rays of wave lengths 8 32, 4 16 
and 1 64 A, the ionization density of these radiations in biological material v arying 
from 10® to 4 X 10^ loni/ations per cm of track The vegetative cells show a gradual 
increase of moan lethal dose with ionization densitv The spores on tho other hand 
show mdependence of lethal doso on ionization density except at the highest density 
(a particles) when the mean lethal dose is only a quarter as great as for X and 
y rays 

In attempting to interpret these results in terms of the target theory, it is assumed 
that the organism contains a single spherical target of radius 10~* cm , in which 
several lomzations must be produced simultaneously to cause death, the required 
number being about 6 for vegetative bacteria and about 40 for spores Agreement is 
satisfactory in the case of vegetative cells, but less good with spores 

19 J 
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An alternative theory la that a bacterium contains about a thousand targets each of 
about 5 X cm radius, the inactivation of a single target sufficing to render the 
cell non viable On this theory m vegetative cells the targets are single molecules and 
a single ionization or ion cluster suffices to inactivate the target, in the case of spores 
the targets contain their molecules m duphoate and both molecules must be affected 
to render the cell non viable The lethal doses of various radiations predicted by this 
theorj are m good agreement with experiment 

The possibihty is discussed that these targets have something of the significance in 
bacteria of genes in higher cells and that loss of viabihty by radiation is the result of 
“lethal mutation” 


Theory of the fatigue of metals By E Orowan, Birmingham {Com¬ 
municated by M L E Ohphant, FR S —Recetted 23 November 1938 ) 

Owing to the microscopic inhomogeneity of the stress distribution, a plastic metal 
will yield at the local stress peaks when the bulk of the material is still elastic, and the 
fatigue of the metal is caused by the phenomena taking place in these microscopic 
plastic regions The decisive point is that the plastic spots are not directly connected 
with the external load, the load gives first, a certain elastic deformation of the bulk 
of the specimen, and the stress acting in the plastic spots depends on the plastic 
strain they suffer If they are very soft, the plastic strain m them is very large and 
the stress very small, and v ice versa For a given external load, applied to the speci 
men as a whole, the stress in a plastic spot is a Imear function of its plastic strain, 
decreasing with mcreasing stram From this linear “stress characteristic” of the 
plastic spot and from its straui hardemng curve (for a given rate of loadmg) its plastic 
deformation m the course of the load cycles can be derived graphically or analytically 
The result is that the amphtudo of the plastic stram decreases in the course of the load 
cycles, owmg to the mcrease of stress caused by stram hardening, it tends towards 
zero as the terms of a geometric senes, the total plrutio stram (the sum of the 
absolute amounts of all positive and negative strains) being always finite If the total 
plastic stram is smaller than the critical stram the material can endure without 
fracture, then the range is safe, otherwise unsafe 

The theory developed on these hnes gives, beside the explanation of the existence of 
safe emd unsafe ranges, log S log N curves which are m full ewicord with the typical 
curves observed It explains the fact that there is a correlation between strength and 
fatigue endurance, but no correlation between plastic properties and fatigue endur 
Mice Accordmg to the theory, the only general statement that con be made on the 
relation between the limitmg safe range and the mean stress is that, below the 
elastic hmit, the luniting safe range is nearly mdepicndent of the mean stress—a rule 
deduced by McAdam from empincal data Conclusions from the theory about the 
influence of the cross sectional area and of temperature upon fatigue, and about 
properties of mechamcal hysteresis, ace m accord with observations 
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Magnetic susceptlbilitleB and related properties of rare earth crystals I 

By G J Kynoh and W G Penney {Communicated by 8 Chapman, 
FR 8 —Received 28 November 1938 ) 

Thuj paper shows that it is impossible to reconcile current interpretations of the 
absorption spectra and specific heat measurements on hydrated rare earth crystals 
with the magnetic properties Tlie investigation proceeds by developing the magnetic 
susceptibility tensor as a power series in the parameters of the crystallme potential 
acting on the magnetic ion, the predominant part of which has cubic symmetry The 
mean, or powder, susoeptibilitj is independent to the first order of the non cubic part 
of the potential In spite of this fact, the agreement between the observed values of 
the mean magnetic susceptibility and the theoretical values based on the accepted 
spectroscopic energy levels is poor Further, to account for the magnetic anisotropy 
of the crystals, splittings of at least 20 cm must be present m most states which are 
degenerate in the pure cubic potential field Such splittings should be plainly \ isible 
in the absorption spectra, but they are not founil 


Metabolism and morphogenesis, studies with the cartesian diver ultra- 
micro'manometer I Anaerobic glycolysis of the regions of the 
amphibian gastrula ByE J Boell, J Needham and V Rogers {Com¬ 
municated by Sir Frederick Hopkins, FR 8 —Received 28 November 1938 ) 

Gostnilation is a stage of crucial importance in enibrionic development, for the 
nerve tube, the mam vertebrate axis, is then called into being by a stimulus exerted 
from the invaginating archenteron roof An understanding of how the active sub 
stance is liberated m the dorsal lip of the blastopore and not in other regions, such as 
ventral ectoderm, necessitates a more precise knowledge of the metabolic properties 
of the various regions of the gastrula, but hitherto tho smallness of the material has 
precluded such studies 

The applu ation of the cartesian diver as a micro manometer suitable for this work 
IS now described Its sensitivity may be gauged from the fact that whereas 1 cm on 
the standard Warburg manometer scale corresponds to a gas change of 20 cu mm , 
1 cm on the diver manometer scale corresponds to a gas change of about 0 008 ou mm 
A full account of the calibration and use of the instrument is given, together with a 
number of new techmques such as the employment of strong lithium chloride solution 
as the dotation medium for the divers, which permits of ammoma estimations and 
Kjeldahl determinations on their contents For tho experiments with regions of the 
gastrula, pieces of tissue oontammg between 6 and I5y Kjeldahl mtrogen were used 

The mam senes of results, which could be placed on a statistical basis, showed that 
the anaerobic glycolysis and the anaerobic ammoma production of the dorsal lip of 
the blastopore were three times as high as those of the ventral ectoderm In these 
respects, therefore, the metabolism of that part of the gastrula where the orgamser 
substance (evocator) is liberated was considerably more mtense than that of the 
Ventral ectoderm, where the substance is never liberated m normal development 



S 160 


Abstracts of Papers 


Metabolism and morphogenesis, studies with the cartesian diver ultra- 
micro-manometer II Effect of dinltro-o-cresol on the anaerobic 
glycolysis of the regions of the amphibian gastrula By E J Boeix and 
J Needham {Communicated by Sir Frederick Hopkins, FR S —Received 
28 November 1938 ) 

In view of the effects which nitrophenols have been found to have on various 
aspects of fermentation and respiration, it was thought interesting to examine the 
action of this substance on the anaerobic glycolysis of the dorsal lip region and the 
ventral ectodenn of the amphibian gastrula It resulted that the anaerobic glycolysis 
of the dorsal lip was very little affected, but that of the ventral ectoderm was raised 
to approach more nearly the former This raising of activity of v entral ectoderm to 
approximate more nearly to dorsal lip activity was due almost entirely to that part 
of the carbon dioxide production imcoinpensated for by ammonia production, since 
the latter was unaffected 

A comparison is suggested between the two regions of the gastrula on the one hand, 
and the metabolism of unfertilized as compared with fertilized echmoderm eggs, or 
the metabolism of actively developmg as compared with diapause embryos of the 
grasshopper, on the other In all three cases, the less active metabolism {amphibian 
gastrula ventral ectodenn, unfertihzeil echmoderm egg, diapause orthopteran embryo) 
seems to be m some way physiologically “damped”, smee by added substances such 
as reversibly reducible dyes, nitrophenols, etc it can be raised almost to the level of 
the most active parts or stages, while these themselves cannot be raised by the 
addition of special substances Such damping appears to play a \ ery important part 
m morphogenesis and will merit much further examination 


Metabolism and morphogenesis, studies with the cartesian diver ultra¬ 
micro-manometer III Respiratory rate of the regions of the amphibian 
gastrula ByE J Boeix and J Needham (Communicated by Sir Frederick 
Hopkins, FR 8 —Received 28 November 1938 ) 

The adaptation of the diver manometer method for the measurement of oxygen 
consumption is described, together with appropriate tests of its reliability 

Applied m two thorough series of experiments to the dorsal hp region and the vent ral 
ectoderm of the amphibian gastrula, it showed that no difference whatever was 
perceptible between the oxygen consumption of the two regions Taken m conjunction 
with the results of the first paper of the series on anaerobic glycolysis this requires the 
conclusion that the change which occurs at the blastopore when mvagination begins 
IS a change m quahty of metabolism rather than one of quantity 

A smaller number of estimations of oxygen consumption carried out on the roof of 
the blastula and on the closmg neural folds also failed to show any significant 
differences between them although mdioations had been obtamed m the first paper of 
the senes that their ammonia production is sigmficantly different 
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These results appear to conflict with those recently pubhshed by other authors in 
which the oxygen consumption of the two hemispheres of intact amphibian gastrulae 
was measured, but the difference is one of interpretation rather than of observation 
That the hemisphere which contains the dorsal hp shows a higher respiratory rate 
than that which contains the ventral ectoderm is no doubt true, but the gastrula is a 
relatively complicated morphological structure, and it is extremely probable that the 
dorsal lip hemisphere contains more highly respirmg tissue than the other hemisphere 


Metabolism and morphogenesis, studies with the cartesian diver ultra- 
micro'manometer IV Respiratory quotient of the regions of the 
amphibian gastrula By E J Boell, H Koch and J Needham 
{Communicated by Sir Frederick Hopkins, FR S-—Received 28 November 
1938 ) 

The adaptation of the diver manometer mt thod for the measurement of respiratory 
quotient is desoribod, together with appropnste tests of its reliability It necessitates 
the suspension of alkali and acid drops in the waxed neck of the diver, and these are 
blown down into the bulb, when the oxygen consumption has proceeded sufficiently 
far, by an excess pressure of about 12 m mercury, thus liberatmg the carbon dioxide 
As the oil drop returns exactly to its origmal position when the pressure is released, 
the carbon dioxide con be correctly measured and the R Q obtained 

When the regions of the amphibian gastrula were studied with this method, it was 
found that both dorsal lip region and ventral ectoiierm show a trend towards R Q 1 0 
dunng gastrulation, but that the former reaches it almost as soon as the process has 
begun, while the latter has only attained an R Q of about 0 86 by the time it is 
underlam by mvagmated mesoderm 

This result is m general agreement with those of the preceding papers m the senes 
m which it was ahown that the anaerobic glycolysis but not the respiratory rate of the 
dorsal Iip region is mcreased dunng gastrulation It is also in general agreement with 
the loss of glycogen from the roof of the archenteron demonstrated by previous 
authors to be localized to that part of the gastrula Lastly, it is consonant with the 
view, developed on quite other grounds, that the prunary organizer substance 
(evocator) exists m masked form in combmation with glycogen and protom, and is 
liberated in active form only m the dorsal Up region dunng normal development 


Some problems of localization in the central nervous system (Femer 
Lecture) By E D Adrian, F R S {Received 30 November 1938 ) 

By electrical stimulation of the bram, David Pemer established the mam facta 
relating to the localization of the motor centres in the cerebral cortex These facts 
have been confirmed, on man as well as on ammals, and have been of great practical 
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08 well 08 theoretical importance But although they have been the baeis for all 
attempts to analyse the cerebral organization, they reveal mainly ita receiving and 
executive apparatus and show little of the mtervenmg processes With the develop¬ 
ment of methods for reoordmg the activity of the brain m terras of the electrical 
effects which it produces, the problems of cerebral localization can be approached from 
another aspect It has been found that the cerebral cortex is naturally in a state of 
constant activity which may take the form of a rhythmic senes of potential waves 
(e g Berger’s a. rhythm) or of more complex and irregular oscillations When the 
activity has been reduced by cm anaesthetic the arrival of cm afferent message has a 
twofold effect It produces a direct local excitation m the region in which it arrives 
emd a more widespread mcrease m the persistent activity of this and neighbouiing 
regions The latter result may be considered a local or regional awakening, for it 
resembles the generalized mcrease m eleotncal activity which occurs m the bram when 
a sleeper is roused In either case, a mutual reinforcement by cortex cmd thalamus is 
an important factor m raismg and mamtainmg the level of the “spontaneous” 
activity 

In oertam cases olectneal stimulation of the bram has the same faoilitatmg effect aa 
cm afferent message The sprecul of activity can then be followed by making simiilta 
neouB records of the potential changes at different distances from the stimulated 
pomt, and it can bo shown how a number of oompetmg wave systems can come mto 
bemg 

Electrical records have not yet revealed any features peculiar to the cerebral 
nerones In other parts of the nervous system there are many examples of rhythmic 
activity favoured by the arrival of impulses, and m the cortex, as elsewhere, there are 
probably all grades of spontemeity, ranging from nerone systems which cannot help 
discharging periodiccdly to those which need a specific stimulus for each reaction 
Thus, the activity m a given region of the cerebrum will depend on the mteractions 
of the rhythmio and non rhythmic systems In normal conditions inhibition as well 
as faoihtation will help to determme the local patterns of activity, but m records from 
the narcotized bram the excitatory factors are the more prominent 


The role of blue-green algae in nitrogen fixation in rice-fields By 

P K De {Communicated by F E Fntsch, FRS —Received 30 November 
1938 ) 

Smee it has been established that abundant mtrogen fixation takes place in the 
soils of Indian rice fields, as well as m cultures of such soils m the laboratory m which 
blue green algae are nearly always present m quantity, the possible role of such 
blue green algae m mtrogen fixation has been mvestigated with positive results 
Umalgal cultures of six different species were readily ojjtamed, but the removal of 
the associated bacteria proved to be a much more difficult task, and it was only after 
many failures that four species were obtained m a completely pure condition, devoid 
of all foreign organisms This was ultimately aooomphshed by a process of repeated 
suboulturmg on sterilized silica gel plates according to a method first worked out by 
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Inoculations from these pure cultures, grown in mineral solutions lacking nitrogen 
(except for that contamed m small traces of soil extract), m part under constant light 
and temperature conditions, showed that the three species of Andbaena which had 
been isolated were all able to fix considerable quantities of nitrogen, averaging 
3-5mg/100oo of medium in about two months On the other hand, a fourth 
member of the blue green algae, Phorrmdtum fovtolarum, afforded no evidence at all 
of any capacitj for nitrogen fixation The amount of nitrogen fixed by the species of 
Anabaena in the presence of Azotobacter and other bacteria is about the same as in the 
pure cultures containmg the alga only, from which it appears that m the presence of 
algae bacteria play a relatively unimportant role m mtrogon fixation m these soils 
A considerable part of the mtrogen fixed is found in the external medium 


The submicroscopic structure of dental enamel By J Thewlin (Com- 
mumcated by W L Bragg, FR 8 —Received 30 November 1938 ) 

From observations made on photomicrographs and X ray diffraction photographs 
of human deciduous enamel, the submicroscopic structure of such enamel has been 
studied 

It has been found that each enamel prmm is composed of a multitude of crj'stalhtes 
of apatite which may be divided mto two groups, so arranged that their hexagonal 
axes tend to make definite angles with the direction of the prism The values of these 
angles are approxunately 6 and 40° and the crystallite axes ore inolmed so as to pomt 
to that side of the prism remote from the nearest cusp, the directions bemg taken 
away from the tooth 

In general both the above groujis of crystallites are present in the prism, with the 
5° group predominant, although occasionally both groups are equally represented 
Sometimes, however, the 40“ group is entirely absent In some cases variations in the 
degree of perfection of the crystalline orientation within individual prisms may occur, 
thereby givmg rise to the tlrroo types of X ray photograph observed In other oases 
these different types of photograph may bo due to variations in pnsm regularity 

The mterprisniatic substance, like tho prism material, usually contains the 6 and 40“ 
groups of apatite crystallites but nothing can bo said as regards the variation in 
degree of iierfection of tho crystalline orientation 

The submicroscopic structure of enamel m certam oases bos been tbscussed and 
illustrated diagrammaticall> 


A theory of radiation By G A Schott, F R S , prepared for publirntion 
by T Lewis {Communicated by A Conway, FRS — Received 
30 November 1938 ) 

The paper attempts to account for tho observed projjerties of radiation on olassiosl 
lines, in particular, tho hne character of spectra, the Planck Einstem law, the possi 
bihty of mterference over long distances and the capability of ionizing atoms or 
molecules 
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Structure and thermal properties associated with some hydrogen bonds 
in crystals Part I The isotope effect By J Montkath Robbbtson and 
A R Ubbelohdb {Communicated by Sir Wtlltam Bragg, PB 8 — Received 
2 December 1938 ) 

The hydrogen deuterium isotope effect has been mvestigated for a number of 
carboxyl and hydroxyl groups in crystato, in order to obtam fresh information on the 
hydrogen bond, and the possibility of mtermolcoular resonance X ray methods have 
been developed foi the accurate measurement of the changes m crystal spacing on 
substituting deuterium, and m the case of oxalic ewiid dihydrate the complete section 
of the deformation ellipsoid has been calculated in relation to the crystal structure 

In all cases an expansion is observed on substituting deuterium, the observed effect 
bemg largest for oxalic acid dihydrate, and practically zero for phthalio acid and 
fi resoremol Intermediate expansions have been observed for NaHCO,, succmic and 
benzoic acids, and a resoremol For (COOH),2HjO the expansion is markedly direc 
tional, and the observed effect can most simply be explamed by assuming an expan 
Sion of the short hydrogen bond, and a contraction of the longer hydroxyl bonds in 
this crystal A tentative mterpretation of this effect is discussed in terms of resonance 
between the energy levels of two alternative molecular structures m the crystal 


Heterogeneous catalysis and enzyme reactions Part I The kinetics of 
heterogeneous catalysis Part II Enzyme systems By E C C Baly, 
F R S {Received 2 December 1938 ) 

When a substance is adsorbed on a surface, adsorption complexes are formed in 
which an adsorbing unit m the surface donates one or more rotation vibration quanta 
to each molecule of the adsorbate If this donated energy be Q calories, the supply of 
Q calories will set free the activated molecules of the adsorbate which oEtn then 
undergo or take part m a reaction, the energy of activation of which is Q calories The 
reaction velocity of all heterogeneously catalysed reactions is expressed by the fol 
lowing equations 

“ fcjii + nV-"®'**” 

1 1 I 

r~ kiRS’ 


‘^k^RS- 




where S is the number of adsorbing units m the surface, R is the concentration of the 
reactant, Q is the total energy of activation of the reaction, n is the reciprocal of the 
number of components of the catalyst, Q' is Q/4 8787 and *1 and ifc, are constants 
Enzymes are two-component catalysts which are formed by the action of the 
“activator" on the precursor and the mechanism of this action is discussed 
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It IB shown that all heterogeneous catalysts can promote reactions, the energies of 
activation of which are submultiples of the maximum energy which they can donate 
to the reactant In the case of two component catalysts, such as enzymes, there is an 
mtegral relation between the maximum energy they can donate and their energy of 
de«M3tivation 

With substances of large molecular weight there must exist a close correlation 
between the structure of the catalyst and of the reactant, and in this is to be found 
the explanation of the specificity of all enz 5 rme 8 


The photosynthesla of carbohydrates from hydrated carbon dioxide By 

E C C Baly F R S {Received 2 December 1938 ) 

The photosynthesis of carbohydrates from hydrated carbon dioxide adsorbed on the 
surface of luckel oxide m achie\ ed by two consecutive light reactions 

(1) 4NiO, C0,H,0 + /u', = 2Ni,0„ CHOH, 

(2) 2Ni,0„ CHOH +/tr, = 2Ni,0, +CHOH, 

where hv^ is a quantum of blue light (A = 4000 A), Av, is a quantum of rod light 
A = 6566 A) and CHOH is an activated molecule of formaldehyde, six of which undergo 
cycho polymerization into a molecule of a hexose 

These two light reactions are followed by a thermal reaction 

(3) 2Ni,0,= 4Ni0 + O„ 

which renders the photosynthesis a continuous process 

A large surface of NiO is unsuitod for photosynthesis, smoe one group of 4Ni and 
40 atoms out of seven such groups is redundant In a crystal lattice of NiO containing 
ThO, in the molecular ratio of IThO, 24NiO, each ThO, molecule replaces one group 
of 4Ni and 40 atoms out of every seven such groups and thus renders the surface ideal 
for photosyntheuis 

When such a surface is irroiliated in the presence of hydrated carbon dioxide, there 
18 photosynthesized an unstable complex carbohydrate which changes to a type of 
starch When pure NiO containing very small crystal umts is irradiated m presence of 
hydrated carbon dioxide, hexoses only are photosynthesized 

A very close analogy between photosynthesis in vitro and photosynthesis in vivo 
has been established The explanation has also been found of the fact that m both 
processes the rate of photosynthesis increases with the temperature ujj to a defimto 
limit and when the temperature exceeds that limit the rate of photosynthesis rapidly 
decreases, the lunitmg temperature depending on the mtensity of the light 
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The adsorption of the hydrous metallic oxides by Ideselftuhr By E C C 

Baly, F R S , W P Pbppkr and C E Vbbnon {Received 2 December 1938 ) 

The aKlsorption of the oxides of aluminium, thonum, feme iron, cobalt and mokel 
on specially purified kieselguhr has been mvestigated and the relation between the 
amount of each oxide adsorbeil on 100 g of the kieselguhr and the ^ potential m 
0 05 N acetic acid of the coated kieselguhr was detemuned m each case It was found 
that the ^ potential, which in each case was positive, had a maximum value when the 
kieselguhr was completely coated with the oxide and that this maximum value was 
materially greater than that of the unsupported oxide 

The adsorption of aluminium and thonum oxides is restricted to one umniolecular 
layer, and m the case of feme, cobaltous and nickelous oxides the adsorbate consists 
of three um molecular layers When cobalt oxide or nickel oxide contammg thonum 
oxide m the molecular ratio of IThO, to 24CoO or 24NiO is adsorbed there is formed a 
single layer of crystal unit cells, m each of the three layers of which one group of 4Ni 
or 4Co atoms and 40 atoms out of every seven such groups is replaced by IThO, 
molecule 

The effective surface area of 100 g ofthe kieselguhr was foimd to be 2 86803 x 10*8q 
cm The diameter of the molecules of aluminium oxide, ferric oxides and thonum 
oxide m the unimolecular adsorbed layer were found to be 6 242 x 10“* cm , 
0 10 X 10-* cm and 6 72 x 10-* cm , respectively 


Studies In the viscosity of colloids I ByJ R Robinson {Communicated 
by E K Rtdeal, FR S —Received 6 December 1938 ) 

The nature of the anomalous viscosity of dilute susjxjtisions of rigid, amsometrio, 
colloidal particles has been elucidated by a oombmation of simultaneous measurements 
of the optical and viscous behaviour of the suspensions with an approximate theo 
retical treatment 

It IS found that with increasmg rates of shear, the particles become more and more 
orientated, the orientation being measured m direction by the angle of isocline, and 
in mtensity by the double refraction of flow Meanwhile the over all viscosity falls 
towards that of the solvent 

It IS shown that the overall viscosity exceeds that of the solvent as a result of 
energy dissipated through the disturbance of the field of flow of the solvent by the 
precessional motions which it imposes upon the particles As increasing rates of 
shear are apphed, these precessional motions change in a manner which, statistically 
considered, constitutes the orientation of the particles In the course of this orienta 
tion, the extra dissipation of energy due to the particles becomes less m comparison 
with that mvolved m the flow of the solvent alone This is the physical basis of the 
anomalous viscosity of the systems studied 
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On fluctuation in electroma^etic radiation. By M Born and K Fuchs 
{Communicated by E T WhiUah&r, FB 8 — Received 5 December 1938 ) 

It IS shovra that all previous treatments of the fluctuations of radiation are in 
adequate One cannot expect a complete oomoidence of the formulae derived from 
statistical mechamcs and from wave theory, as the zero energy plays a different 
role m these methods The wave fluctuations ore here recalculated for a quantized 
electromagnetic field, and it is shown that the result coincides with the statistical 
formula as far as can be expected, provided one overlooks the divergence of the zero 
energy The importance of this mflmty is discussed with regard to the question of the 
limitations and future improvement of the present radiation theory 


On the formation and structure of multilayers By J J BiKtRMAN 
{Communicated by E K Rideal, FR S —Received 6 December 1938 ) 

The “built up" multilayers of Langmuir and Blodgett are shown to consist of 
films stretched between the irregulanties of the solid surface and touching the surface 
only at discrete pomts This view is based on measurements of the “ deposition ratio ” 
during the transfer of monomoleculsr films from water onto grooved surfaces and wire 
gauzes 

A techmque of obtainmg multilayers on wire gauzes is described The behaviour of 
these multilayers is mvestigated and on their analogy it seems probable and m some 
oases certam, that the stretched films which are the first product of “building up” 
multilayers burst soon after their preparation and give rise to gel structures or more or 
leas oriented micro crystals 

An explanation is advanced for the various kinds of deposition (-Y Y and Z 
films) The hydrophilic character of the surface of the films mcreases in the order 
X<Y<Z, the type of deposition is determined by the wettability of the surface, and 
IB related to the contact angles 

As the meiisure of the wettability the frictional force between a water drop and a 
multilayer is employed In disagreement with Coulomb’s (or Amonton’s) law this 
frictional force is almost mdependent of the weight of drop A qualitative intirpre 
tation of this behaviour is given 


The nature of atmospherics VI By F E Lutkin {Communicated by 
Sir Oeorge Simpson, FRS —Reeatved 7 December 1938 ) 

The study of atmospherics originating from British storms mdicates that 80 % of 
the hghtmng flashes oocurring m England destroy negative cloud moments In 
storms of the heat type destruction of negative cloud moments account for almost 
all the flashes, while in storms of the “firontal” tyjie positive moments are destroyed 
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88 frequently aa negative ones Thla is aooomplished in most oases by a sequence of 
discharges four or five m number, probably down the same ionized channel, oooumng 
m about sec Two thirds of these discharges themselves consist of a sequence of 
three or four current pulses m the lightning channel occurring m about 
In the remammg third, the discharge consists of twenty pulses, and this type, often 
precedmg the mam stroke, is thought to act as leader and establish the ionized channel 
Further work with two or more stations withm 20 km of the source is necessary to 
establish dohnitely whether this negative moment is m all oases destroyed by dis 
charges to earth Of the remammg 20 % of the flashes, many, although mdioatmg 
an imtial destruction of jKJSitive moment, show finally the destruction of negative 
moment 

The average peak current value appears to be about 30,000 amp while the average 
charge dissipated by each current pulse is about i coulomb Maximum values of 
200,000 amp have been registered 

The multiplicity of current pulses produce oscillatory wave trains of a few or many 
cycles depending on the nature of the discharge Each wave tram consists of a series 
of field changes with maximum amphtude up to 600 V/m, according to the distance 
from the source Single oscillations last less than a millisecond while groups may last 
for sec or more 

Similar oscillatory field changes arise from more distant storms, those from 
distances of 3000 km reaching 0 6 V/m From sources over sea the duration of the 
mdmdual oscillatory trams is greater than m the case of those origmatmg over land 

While the predommant frequency of these oscillations is of the order of 10 kc /sec 
reflexions from low ionized regions are thought to produce the high frequency 
embroidery seen on patterns from distances of 10-100 km and result m such 
atmospherics bemg troublesome m the medium wave bands 


The specific heat of gases at high temperatures By B W Fbnnino and 
A C Whiffin {CommuntccOed by W L Bragg, FRS—Received 
7 December 1938 ) 

The information that was required on the compressibility characteristics of gas 
mixtures at medium pressures, m connexion with a redetermination of the specific 
heat of gases at high temperatures, led to this qucmtity being obtamed experi¬ 
mentally The paper gives a d^mption of the apparatus that was used for the purpose 
and particulars of its calibration It also gives examples of the departure of oertam 
gas mixtures from the ideal state both at 20 and 100° C The apparatus is regarded 
as being suitable for work of high precision provided it is used in conjunction with 
sufficiently sensitive instruments for measuring temperature and pressure 
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The principal magnetic susceptibilities of neodymium sulphate octa- 
hydrate at low temperatures By L C Jackson (Commumcated by 
A M Tyndall, FR S —Received 7 December 1938.) 

The principal magnetic susceptibilities of the crystals of neodymium sulphate 
octahydrate have been determmoti over the temperature range 290-14° K All three 
susoeptibihties obey the law ;^(T + d) = const above about 120° K, the throe curves 
on the Ifx T graph bemg parallel straight Imes At low temperatures one of the 
prmcipal susceptibilities tends to become mdependent of temperature while the 
other two mcrooso more rapidly with decrease m temperature below 00° K than they 
do at higher temperatures The magnetic elhpsoid rotates through a considerable 
angle as the temperature decreases from 290 to 14° K At room temperature the 
anisotropy of the crystal (Axlx) is 11% but this mcrcases to 70% at 14° K The 
bearing of these results on the crystalline field theory is referred to in the following 
papier by Dr W G Penney 


Spirai structure and chromosome pairing in Oatmmda regalts. By 

I Manton {Communicated by W H Lang, FR S — Received 8 December 
1938 ) 

The piaper contains a study of the last three spiorangial divisions in Osmunda 
regoha by a variety of technical methods including the ammoma method fur spiral 
structure The study of the premeiotic division is amplified by observations on 
mitoses in the tapetum Evidence is given on the number of coils m a chromosome 
at mitosis and at meiosis, on the length of the olu-omosomo thread, whether spiral 
or otherwise at a number of significant stages euid on chromosome elasticitv at all 
three typies of division The existence of long range elasticity beyond what would be 
exjieoted fk>m the spiral configuration alone is suggested both at mitosis and at 
meiosis, the evidence for it at anaphase of the first meiotio division being complete 
The chromosome length appiears to bo relatively constant throughout the mitotic 
cycle but chromosome painng appiears to be preceded by a real elongation of at 
least 60% and to bo followed by a real shrinkage also of the order of 50% An 
mterpretation of these facts is given in terms of the known molecular structure of 
fibrous proteins 
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